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ABSTRACT 
Custom-designed DNA and RNA oligonucleotide collections are used as building blocks in synthetic biology, complementary probes for targeted sequencing, and nucleic acid aptamers. They encode information for technologies like RNA interference, protein engineering and DNA-encoded chemical libraries. These applications require an economical source of diverse libraries.   High-throughput microarray technology produces hundreds of thousands of diverse sequences on a single planar substrate at low cost (<$200 for 20,000 oligonucleotides). However, the quantity and quality of individual oligonucleotides obtained from this technology is low (~ 5 fmol). In order to produce feasible amounts of high quality oligonucleotides (10 – 100 pmol), it is necessary and more economical to go through a molecular amplification procedure. Existing methods of amplification lead to the formation of chimeric products.   We developed a 2-step amplification process which gives an overall ~450 fold increase in the amount of single-stranded oligonucleotides. The first-step, emulsion polymerase chain reaction (PCR), provides the initial amplification while preserving the library complexity 
(~25 μM product).  However, the overall product yield from a single reaction after removal of primer binding sequences and single-strand DNA formation is limited (~15 pmol) as a result of restrictions imposed on the input reactant quantity.  Therefore, this step alone is labor intensive to produce large amounts of products due to lack of scalability. This limitation is addressed via transcription-reverse 
 xii  
transcription of the emulsion PCR amplicons. This two stage process allows scalability of microarray synthesized oligonucleotides for preparation of large quantities of ssDNA libraries (~6500 pmol).   As an application of the amplification technology we developed an integrated method for cDNA library construction with sequence-specific primers incorporating a unique tag and universal primer sequence. The method suffers from the formation of three types of false positives that need to be sufficiently removed to reduce contribution of false-positives signals.  A 3 step process is implemented to reduce the false positives contributors and still detect differential expression of yeast genes in galactose and glucose conditions. The sequence-specific primers libraries can be used for applications not limited to detection of low abundance and rare RNA and identification of aberrant splicing variants and gene-fusions. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
The last decade has seen the emergence of a broad range of applications for DNA and RNA oligonucleotide libraries. DNA oligonucleotides are the synthetic biology building blocks for the assembly of single genes [1-3] to whole genomes [4, 5]. Targeted next-generation sequencing relies heavily on oligonucleotide libraries as a source of baits to capture, either in the form of DNA padlock probes for the circularization of targeted sequences [2, 6] or in the form of RNA baits for the direct capture of sequencing genomic DNA library fragments [7]. Recently Millykangas et al. pushed the application of oligonucleotide libraries for targeted sequencing even further by integrating the target capture into the sequencing device, using a DNA oligonucleotide library to customize the primer lawn on a sequencing flowcell [8]. Oligonucleotides libraries are widely used to encode active RNA such as shRNA [9], or peptides [10, 11] after cloning in appropriate vectors. Labeled libraries can be also used for molecular detection probes in fluorescent in situ hybridization (FISH) techniques such as OligoPaint [12].   
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1.1 Applications of oligonucleotide libraries 
1.1.1 Synthetic gene assembly  
Gene-synthesis is the process of creating a gene in vitro without a precursor template [Figure 1-1]. The process of gene-synthesis begins with hybridization of melting temperature-normalized oligonucleotides to each other to make the gene backbone. The oligonucleotides overlap at their ends to simultaneous act as templates and primers for the synthesis of other strand. These are subsequently joined by various PCR techniques (ligation PCR, assembly PCR and fusion PCR) to form a new gene. Here, the primary requirement is for long oligonucleotides so that fewer numbers are required to make longer gene segments or genes. Also, a large amount of oligonucleotides are required to make many genes and it variants in a single reaction. 
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Figure 1-1 Synthetic gene assembly 
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In the field of synthetic biology, oligonucleotide libraries have accelerated the optimization of gene-expression and protein activity [13] , enabled the assembly of difficult to make antibodies and antigens [14, 15], engineering of metabolic pathways [16] and construction of mitochondrial, viral and bacterial genomes [4, 17, 18]. Compared to conventional methods of gene-generation, which pick elements from existing elements by PCR and DNA cloning, they provide greater flexibility to gene-engineering to ultimately create organisms with new properties (bioremediation, biosafety, biofuels, drugs and vaccines). Another variant of assembly of synthetic oligonucleotides is in the field of DNA computing and storage [19, 20].  
1.1.2 Cloned libraries 
Here, the oligonucleotide libraries are used to encode information for downstream applications. This can be either for a short hairpin RNA (shRNA) or a gene coding for a peptide [Figure 1-2].  Small interfering RNAs (siRNAs) are used for specific silencing of many genes. The process has been used to study cell behavior in many mammalian cells [21]. For this application the oligonucleotide libraries has self-complementary ends separated by common loop, which then folds to form short-hairpin DNAs (shDNA) constructs. The individual shDNA are cloned into vectors to produce shRNAs (or siRNA) that get incorporated into RNA-induced silencing complex (RISC) to guide mRNA cleavage and degradation [22, 23]. Unlike other methods to make siRNA, namely i) chemical in situ synthesis of RNA, which is cost prohibitive, ii) biological sources that give variable amounts of siRNA depending on mRNA expression levels and abundance in the tissue and iii) enzymatic digestion (RNase III, Dicer) of long dsRNA molecules into randomly chopped molecules, complex oligonucleotide libraries give more defined and 
 5  
uniform representation of siRNA without any of the non-specifics effect such as binding to genes with homologous sequences or to splice isoforms [Figure 1-2] [24, 25].  
Figure 1-2 Cloned libraries – RNAi and peptide libraries 
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 Phage display is a high-throughput technique to screen, select and optimize for protein interactions with other molecules such as ligands, peptides, other proteins and DNA [26].  Here the phenotype (individual peptide) is linked to its genotype (coding sequence) which enables the isolation of binding clones from large populations. Historically, random nucleic acid libraries used to encode for peptides or proteins expressed on the bacteriophage cell surface is a great method to identify good candidates. However, they are not able to cover the entire diversity of peptide library (e.g. for a 12 mer peptide, there are possible 1220 = 4x1015 individual sequences of which less than 0.001% are screened in a typical experiment) [27]. Also, there is a decrease in the diversity of the library during the panning and selection rounds, further reducing the number of binding clones identified during the screening process [28]. Thus once good candidate sequences are found, they can be mutated in a controlled manner by using oligonucleotide libraries to access the best candidates with the highest binding affinities.  Another application of oligonucleotide libraries is to produce peptide or short protein libraries [Figure 1-2]. Here systematic combinations of DNA fragments are cloned into vectors to express peptides and short proteins to identify biologically active peptides (e.g. anti-microbial), discover ligand-binding proteins, study and optimize enzyme functionalities, epitope mapping and generate vaccines [29].  Although, solid-phase peptide synthesis competes with the flexibility provided by DNA libraries, it is limited by the peptide length (<18 amino acids), and high costs of synthesizing large libraries [30]. For both peptide libraries and phage display, oligonucleotide libraries provide flexibility in choosing codons to optimize for protein expression.  
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1.1.3 Baits 
The past few years has witnessed rapid development in ‘next-generation’ or massively parallel sequencing technology leading to sequencing whole genomes [31-33]. Whole genome sequencing of humans is resource-intensive as multiple runs are required to get sufficient depth and coverage. In addition, most disease-causing mutations (85%) are estimated to be located within the exome (protein coding regions), which constitute only 1 % - 1.5 % of the human genome (3 Gb) [34, 35]. Hence, methods are required to selectively enrich and amplify gene-subsets for targeted sequencing. The underlying principle of the methods namely, molecular inversion probes (MIP) [36], selective genomic circularization (SGC) [37] and solution hybrid selection (SHS) [38] is solution-based hybridization of targets with complementary sequences. For these applications a large number and quantities of diverse oligonucleotides are required to increase genome coverage and sensitivity and reproducibility of the assays. In case of MIPs, the use of longer oligonucleotides enables the incorporation of barcodes of sample multiplexing [39]. 
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Figure 1-3 Solution hybrid selection – Baits  
Figure 1-4 Padlock probes – MIPS and SGC 
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In SHS method, biotinylated target-specific RNA probes (or baits) bind to fragmented genomic DNA libraries and separated by capture on magnetic beads. As single-stranded RNA display a different spectrum of sensitivity to chemical agents and enzymes they can be easily removed from DNA prior to sequencing [Figure 1-3]. On the hand, DNA baits (MIPs or padlock probes - SGC) are used for copying target sequences between two primer binding sites [Figure 1-4]. The DNA probes have common linker flanked by two target-specific sequences. In MIPs method the baits hybridize to both end of the intended target, followed by primer extension (DNA polymerase) and ligation (DNA ligase) to form circular probes. Linear species molecules are removed by exonucleases to enrich for the circularized probes. In SGC method, the biotinylated probes anneal to either end of the target DNA fragments and are ligated to form circles. Unlike, MIPs method where the circularized probe is a complement of the DNA, in SGC method the DNA is directly incorporated into the circular probe [40].  
1.1.4 Oligo-Selective Sequencing (OS-Seq) 
Recently, a new approach to targeted sequencing of single nucleotide variants (SNV) in cancer has been published that uses oligonucleotides libraries as a tool to re-engineer the Illumina GaxII flow cell [8].  
 10  
 
Figure 1-5 Oligonucleotide selective sequencing 
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The surface functionality of flow cell is changed using oligonucleotides that serve as probes to capture specific DNA library fragment and as sequencing primers [Figure 1-5]. The probe binds to one of the two immobilized short PCR primers on the flow cell and is extended by DNA polymerase to build a highly customized flow cell (Step 1). In step 2, the probes hybridize to their target fragments. The sheared DNA library is prepped such that either end is flanked by primer sequences to flow cell primer. The library is amplified on the flow cell by bridge PCR. This results in both strands being immobilized on the flow cell for bio-directional sequencing (Step 3). 
1.1.5 Fluorescent In Situ Hybridization (FISH) 
Fluorescent in situ hybridization (FISH) is a method to visualize and map an individual’s genetic material. The method uses fluorescent probes to tag chromosomal regions within cells to detect chromosomal rearrangements, translocations, deletions and copy number variations.  It is used for clinical diagnosis of many diseases such as Down syndrome (trisomy 21) and Angelman syndrome (deletion of genes on maternal chromosome 15). This techniques has been used to detect localized mRNA in bacteria [41] and yeast [42]. Currently, dye-labeled oligonucleotide libraries are being investigated to increase the resolution and dynamic range of  existing FISH technologies [12]. This application of FISH probes as Oligopaints in particular requires microgram amounts of diverse oligonucleotides for significant coverage of chromosomal regions [Figure 1-6]. 
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Figure 1-6 Fluorescent In Situ Hybridization (FISH) 
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1.2 Source of oligonucleotide libraries 
1.2.1 Conventional state-of-the art oligonucleotide synthesis 
  
  
Figure 1-7 Oligonucleotide synthesis 
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Oligonucleotides are synthesized using standard phosphoramidite chemistry starting from 4 tiny bottles of DNA monomers namely adenine, guanine, cytosine and thymidine [Figure 1-7]. Acid-cleavable phosphoramidite monomers are added in cyclical process to grow the nucleotide polymer chain from 3’-end to the 5’-end. In the first synthesis cycle, the desired monomer is linked to a solid support (e.g. controlled pore glass) pre-functionalized with a 3’ end tethered monomer. This is followed by step-wise addition of deoxynucleoside monomer in 4 step-process, which are i) deprotection (detritylation) – weak acid such as tricholoroacetic acid (TCA) is used to remove the dimethoxytrityl (DMT) group from the 5’ end of monomer, ii) coupling – 5’-hydroxyl end of monomer is covalently linked to the desired monomer in the presence of a activator agent (e.g. 1-H tetrazole), iii) capping – unreacted 5’-hydroxyl monomers are capped from further reactions by acetyl group to minimize deletion sequences and vi) oxidation – the two monomers on the oligonucleotide chain linked by unstable phosphite triester is converted to phosphate (e.g. iodine, pyridine solution). This process is repeated several times to grow DNA polymer, which is then cleaved from the surface using a base-catalyzed reaction (ammonium hydroxide), which also removes the remaining protecting groups [43].  This process is the principle method used by most commercial DNA synthesis companies such as Integrated DNA technologies. Individual oligonucleotides (up to 200 bases) are synthesized in large reactors (column-based synthesis) resulting in yields from 10 - 100 nmol (10-9) at low costs ($0.1 per base) [44].  
1.2.2 Microarray Technology 
DNA microarrays are an abundant source of inexpensive complex DNA libraries. Currently, commercially available, in situ synthesized oligonucleotide 
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microarray come under two categories i) photo-labile 5’-O protecting group (Affymetrix, Nimblegen) and ii) acid-labile 5’-O protecting group (Agilent, CustomArray, LC  Sciences, Mycroarray). The protection group serves the same function as DMT group used for column synthesis, i.e. prevents monomers to form homopolymers.  
Photo-labile protecting group 
Affymetrix is the dominant player in the field of microarrays. They leverage semiconductor-based photolithographic fabrication techniques and use photo-labile groups, which enables them to synthesize a large variety of defined probes (1 million) on a large surface with feature size ranging from 1 – 5 µm. Their arrays are made using photolithographic masks, which require up to 100 masks to make a 25-mer oligonucleotide. The high cost of making pre-fabricated masks significantly adds up when used to make custom oligonucleotide libraries required for the applications above [45, 46].  
Nimblegen like Affymetix uses photo-labile protection groups but differs in two aspects, i) they use mask-less projection technology for deprotection – Digital Micromirror Device (DMD) and ii) they use a different protecting group. The DMD consists of electromechanically controlled mirrors that give them the flexibility to target any area on the chip. Also, their protecting group (5’-ortho-nitrophenyl-type [NPPOC]) enables them to achieve higher step-wise efficiency (~96%) than Affymetrix (ortho-nitro-benzyl-type [MeNPOC]; <94%) and they have been able to make approximately million probes of 80 bases length [47, 48]. As both methods are dependent on photolytic cleavage of protecting groups, and as extent of cleavage is dependent on the exposure time (order of 1-2 min to get 99% deprotection), they 
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are unable to make long oligonucleotide libraries (100 – 150 bases). For 100-mer oligonucleotide, 96% step-wise yield gives 0.96100 = ~1.69% full length sequences).  
 Acid-labile protecting group 
Agilent microarrays are based on inkjet printer technology that enables the synthesis of high density arrays (244k spots) with up to 150-mer long oligonucleotides [49]. An inkjet printer head controlled by motion controllers delivers the synthesis reagents to desired spots on the array. Like, column-based synthesis, they use standard phosphoramidite chemistry which allows them to achieve close to 99.5 % step-wise efficiency [50].  
CustomArray uses electrochemical reactions for DNA synthesis on silicon substrate. The acid produced then catalyzes the removal of the protecting group to enable coupling with incoming monomer. Their arrays are fabricated using CMOS technology to produce a matrix of individually addressable microelectrodes. The application of current, leads to oxidation of electrolyte at the anode to generate acid that diffuses to the spot for oligonucleotide synthesis and in a defined region, which is then neutralized at adjacent cathodes. They can make up to 12k spots on the array with 50 base oligonucleotides [51].  
LC sciences and Mycoarray have adapted the standard phosphoramidite chemistry to digital photolithography for synthesis of DNA microarrays. This is achieved by replacing the acid with a precursor molecule which generates acid upon UV illumination for synthesis at desired spots. Both technologies achieve > 99% step-wise yield and can synthesize oligonucleotides up to 120 – 150-mer [52, 53]. However, because the acid generated is in the liquid phase, microfluidic devices with individual microchambers are fabricated from silicon to prevent diffusion. This limits the density of features to ~3,698 for PicoArray chip marketed by LC Sciences. 
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On the other hand Mycoarray have further optimized the technology to perform synthesis on open planar substrates. This has enabled them to achieve 20 k spot density. 
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1.3 Current limitations 
The common theme to all the above applications is the requirement of complex oligonucleotide libraries. Commercial DNA synthesizers make individual oligonucleotides in large reactors (column-based synthesis) and have been scaled up to produce 96 or 384 oligonucleotides in a single batch.  They give really high yields (nanomoles) of individual oligonucleotides at relatively low cost ($0.1 per base). Nevertheless, they are still too expensive to make libraries for applications such routine assembly of denovo genetic circuits or organisms. For instance, Craig Venter Institute used this option to synthesize bacterial genomes of M. genitalium 
(580 kb) and M. mycoides (1.08 Mb) at costs of several hundred thousand dollars (1.08Mb x $0.1/base * 2 strands = $216,000) [4, 5].  
Figure 1-8 Microarray synthesized oligonucleotide library 
1. Control oligonucleotide : 100 bp  is run as marker (1 pmol) 
2. library: 1 pmol of 100 bp array library  
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 Diverse oligonucleotide synthesis prices can be reduced by using high throughput microarray technology. They produce hundreds of thousands of oligonucleotide however their Achilles heel is the limited spot size where the synthesis occurs, which is usually well below 100 microns in diameters [2, 48, 51]. This results in very small synthesis scale. The overall yield of individual oligonucleotides per chip is in the range of 10 - 15 fmol, which is 106 times less than column-synthesis. This amount of oligonucleotides is further reduced as chemical reactions are not 100 % efficient; there are errors most often deletions. This leads to the formation of truncated DNA molecules as depicted in Figure 1-8. Thus, a 100 base oligonucleotide synthesized using state-of-art column synthesis (>99.5% step-wise efficiency) gives about 0.995100 = 60.5 percent full length oligonucleotides. For array based synthesis the yield is about 36.6 percent (99% step-wise efficiency) resulting in about ~3.6 – 5.5 fmol of individual oligonucleotide. This dictates a molecular amplification step; polymerase chain reaction (PCR) being the optimal choice to high amplification (>106-fold) amount. Conventional PCR has two major limitations related to amplification of multiple templates:  
• Preferential amplification of some templates 
• Formation of chimeric products.  
• Truncated products within the oligonucleotide library can act as primers to make non-specific products.   Also, PCR leads to formation of double-stranded DNA (dsDNA) and incorporates primer binding sequences (PBS). The addition of PBS increases the length of oligonucleotide synthesized, raising the percentage of undesired 
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sequences. After PCR amplification, the PBS is removed by type II restriction enzymes. For applications like MIPs or gene-assembly, the enzyme used must cut outside their recognition site [36]. The former i.e. formation of dsDNA requires additional processing steps to make them single-stranded DNA (ssDNA).  Most methods to prepare single-stranded DNA (ssDNA) (e.g. exonuclease digestion) protect the desired strand from exonuclease digestion. For these methods:  
• The amount of single-strand DNA produced depends on the starting amount of PCR products  Finally, the single-strand DNA reaction products consists of 5 different DNA species; desired ssDNA,  dsDNA that is not digested by the restriction enzyme and that is not converted to single-stranded form, as well as any leftover PCR primers and cut primer binding DNA fragments. High quality ssDNA is obtained by purification on polyacrylamide gels.  
1.4 Motivation  
Many current (targeted sequencing, synthetic biology) and upcoming applications (FISH, RNA interference and bioactive peptides) use oligonucleotide libraries pools as a starting point. These applications require anywhere from 50 ng (1.6 pmol) – 1 µg (30 pmol) of single-strand nucleic acid (size 100bp) per reaction [39]. Technologies like targeted-sequencing, RNAi and fluorescent in situ hybridization (FISH) are being developed for clinical applications. Just during the development stages they require 10 - 100 reactions (even more for pilot studies) for robust data analysis. The current method to amplify microarray derived libraries i.e. conventional PCR falls short as it amplifies non-specific products. Also, 
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exonucleolytic hydrolysis of unprotected strand combined with polyacrylamide purification to remove PCR artifacts and primer binding sequences leads to > 50 % loss of single-strand DNA. Typical yields obtained per reaction ranges from 5 – 15 pmol.  This dissertation aims to develop a methodology to make large quantities of diverse oligonucleotides by integrating solid-phase oligonucleotide synthesis technology with molecular biology methods. In the second part, it develops the method to use oligonucleotide libraries as primers for first strand cDNA synthesis. Finally, the oligonucleotide libraries will help accelerate progress in the fields of synthetic biology, protein engineering, biotechnology and clinical diagnostics and therapeutics.  
1.5 Overview of the dissertation 
Chapter 2 presents an overall process outline starting from getting diverse oligonucleotide pools to generation of single-stranded DNA (ssDNA) and describes in detail two key components, i) molecular amplification method and ii) methods to make ssDNA. First emulsion PCR amplification technique is adapted to increase the yield of chip-derived oligonucleotides. Here, we investigated parameters to get amplification with the objective of preserving sequence fidelity and library. Second, many molecular biology methods are tested to obtain large amount of single-stranded DNA. Two of these methods are compared on the basis on yield and depending on the method different strategies are used to remove the PCR primer sequences. 
Chapter 3 describes in a step-wise manner the problems encountered when using a library of sequence-specific primers to make complementary DNA (cDNA) 
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from RNA templates. In this case many enzymatic and non-enzymatic methods are tested in varying combinations to effectively reduce any false positives. The success of the methods is determined by measuring the level of genes induced in the yeast galactose versus glucose growth media. Gene-expression is studied initially using microarrays and later by polymerase chain reaction.          
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CHAPTER 2 
 
 
 
FROM DNA MICROARRAYS TO SEQUENCE-SPECIFIC SINGLE-STRANDED 
NUCLEIC ACIDS  
2.1 Introduction 
DNA microarrays combine the benefits of solid phase synthesis and combinatorial chemistry [54]. They have ten to hundreds of thousands of polynucleotides fabricated with high resolution at precise locations. This makes them  making them an inexpensive source of diverse DNA libraries [55]. Traditionally, microarrays have been used for hybridization based studies to i) measure changes in gene expression levels [56], ii) identify genomic gains or loss (microarray comparative genomic hybridization - CGH) [57], and iii) identify DNA mutations (e.g. single nucleotide polymorphisms – SNP) [58, 59]. Applications of microarrays have been described for almost every field of biological science.  Recently, there have been reports that use microarray synthesized DNA (oligonucleotide) libraries to assemble short DNA fragments into synthetic genes [2, 60-62]. Complex oligonucleotide libraries have been used in a variety of ‘front-end’ capture methods to selectively enrich and amplify regions of the genome for targeted sequencing [36, 37, 63, 64] as well as generation of mutant DNA libraries for peptide evolution [10]. For all these applications the bound oligonucleotides has to be released from the surface. This is done by either breaking the covalent bond between the first nucleoside and array surface or an on-chip second strand DNA 
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synthesis followed by DNA melting to release single-strand DNA. The success of latter method (i.e. on-chip PCR) depends on many factors such as steric hindrance, surface passivity and evaporation and is reviewed here [65]. Using the former method, the oligonucleotides are released from the surface in one big pool. Two major drawbacks limit their direct use namely, i) low yield of synthesized oligonucleotides released per chip and ii) less than 100% step-wise monomer coupling efficiency. A step-wise efficiency of 99%, will give only 0.9925 = 77.7 % full length DNA compared to 36.6 % for a 100-mer. Also at each synthesis reaction cycle there may be a shift in the acid diffusion boundary may by ± a few nanometers. This leads to formation of undesired oligonucleotide products whose size and sequence are highly variable.  The methods to select and purify correct size oligonucleotides such as polyacrylamide gel (PAGE) purification and high performance liquid chromatography (HPLC) gives less than 50% recovery yields further reducing the amount of oligonucleotides. To ensure enough probes are available for downstream applications, the template library is amplified by PCR, which necessitates extra steps to get single-stranded DNA (ssDNA). Here, both the amplification and ssDNA formation method is important to get high quality nucleic acid probes. This chapter details the issues encountered and process to make large quantities of oligonucleotide libraries starting from microarray-derived DNA pool 
2.1.1  Process outline 
An overall outline of the process to get functional ssDNA from oligonucleotide probes is shown in Figure 2-1. Two methods integral to the overall process, i) Emulsion PCR and ii) conversion of double-strand DNA (dsDNA) to single-strand DNA (ssDNA) are described in more detail in separate sections. 
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Figure 2-1 Process overview 
(1) ............ DNA microarray synthesis of custom oligonucleotide library. (2) ............ Overnight ammonium hydroxide release of surface bound oligonucleotides. (3) ............ Emulsion PCR – amplification step (4) ............ Removal of primer binding sequence (5) ............ Exonucleolytic hydrolysis of 5’-phosphoryl strand 
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Purification  
The cleaved DNA library is purified from short DNA fragments (<10 nt), linkers and other contaminants that inhibit the yield of polymerase chain reaction. In addition they give inaccurate spectrophotometric quantification of full length oligonucleotides. Some methods to purify oligonucleotides are i) size exclusion chromatography, ii) silica-membrane spin-column purification, iii) magnetic bead selection, and iv) gel-size selection. Size exclusion chromatography is based on gel matrix capture of low molecular weight contaminants (salts, NTP’s and other LMW compounds) while large molecules are exchanged with the buffer of choice and eluted. Purification with size exclusion columns does not completely remove the unwanted molecules. In contrast, there is loss of full length oligonucleotides when purified with commercially available silica-membrane based spin columns. This is because of their high cutoff threshold of 200 bp for ssDNA (cut off threshold for single-strand DNA = 2 * cut off threshold for double strand DNA). Magnetic selection for isolation of single-strand DNA can be done either by binding biotinylated probe to streptavidin coated beads [66] or using beads with probes complementary to a common sequence [67]. The former method requires an additional on-chip coupling of biotin phosphoramidite to 5’ prime terminus of oligonucleotide which labels probes irrespective of their size and consequently truncated and full length probes are purified upon magnetic bead selection. The latter method requires custom manufacturing of magnetic beads with common sequence that anneals to 3’ prime end of DNA probe to achieve good purification yields [68].  As probes are synthesized from 3’-5’ prime end, majority of truncated probes have the common binding sequence making this method infeasible. Thus, the only method that to some degree removes unwanted molecules prior to amplification is size exclusion spin-columns.  
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Amplification   
The oligonucleotides have common primer binding sequence (PBS) at either ends for one-tube PCR amplification of all templates. To avoid loss of specific oligonucleotides, or introduce bias in template to product ratio as well as prevent any recombination events, the templates are amplified individually by compartmentalization in tiny droplet reactors formed upon emulsification of PCR mix.  
Restriction digest 
The primer binding sequences (PBS) flanking the user-sequence, especially the one at the 3’ end of the user-sequence is removed with restriction enzymes that cut outside their recognition.  This make the gene-specific sequence available for polymerase mediated extension and creates 5’ phosphoryl terminus on the opposing strand. 
Single-strand generation 
After the primer removal step, one strand of dsDNA has 5’-phosphoryl terminus, while the complementary strand is not phosphorylated. Only the strand with 5’-phosphoryl group is hydrolyzed with lambda exonuclease followed by purification of products on native acrylamide gel to get high quality single-stranded DNA. 
2.1.2 Emulsions background 
General considerations 
Emulsion is a mixture of two or more completely or partially immiscible liquids (e.g. oil and water) where one liquid (dispersed phase) is distributed in the 
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form of droplets (e.g. oil droplets) in the other (continuous phase; e.g. water). As oil and water do not mix spontaneously, the formation of dispersion phase requires the input of external energy, such as mechanical energy (e.g. stirring) or sound energy (i.e. ultrasound). Here, continuous energy input is required to stabilize the large surface energy (interfacial tension) associated with an increase in surface area/ volume ratio. Upon cessation of external energy, the oil droplets coalesce, forming a single blob of droplet that floats to the surface (generally, oil is less dense than water). Thus emulsions are  thermodynamically unstable [69, 70]. Emulsifying agents such as surfactants (surface active agents) are added to stabilize emulsions. Surfactants are amphiphilic molecules i.e. their molecular structure has both a hydrophilic and a hydrophobic part that form a protective coating (steric or electrical barrier) between the phases. Surfactants reduce surface tension, provide repulsive interaction potential between droplet interfaces and inhibit coalescence of emulsion system [71]. Surfactants are characterized by an empirical value known as Hydrophile – Lipophile Balance (HLB) on the basis of their solubility in water or oil (higher the HLB value - more water-soluble).  Also, known as Bancroft’s rule, it qualitatively determines the type and stability of emulsions [72]. On a scale of 1 to 20, emulsifiers with HLB value < 10, are good to stabilize w/o emulsion i.e. water droplets dispersed in oil phase and those with HLB value >10  stabilize o/w emulsion in which oil is dispersed in the water phase.  The principle of w/o and o/w emulsion is shown in Figure 2-2 [73, 74]. 
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Figure 2-2 Emulsion types 
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Stability and breakdown mechanisms 
The stability of an emulsion is measured by the rate of droplet coalescence. Factors that contribute to emulsion stability are i) Surfactant characteristics – they must diffuse rapidly to the new created interface, be soluble in both the internal and external phases and form relatively elastic films at the interface. Blends of two more surfactants (high and low HLB) make more robust emulsions (Gibbs-Marangoni effect) and improve stability against temperature changes. ii) Nature of electrical or steric interfacial barrier – interplay of repulsive effects (electrostatic, elastic, entropic, or mixing energy) with van der Waals force of attraction. iii) Viscosity of continuous phase – increase in viscosity reduces the diffusion coefficient (Einstein-Stokes Equation), thereby reducing the frequency of collisions and lowers coalescence. iv) Droplet size and distribution – monodisperse droplets form more stable dispersion against aggregation [75], v) Phase volume ratio – increase in volume of dispersed phase, decrease stability of emulsion. At high temperatures, o/w emulsions invert to form w/o emulsions. vi) Electrolyte concentration – w/o emulsions with >74% dispersed phase volume become more stable on addition of electrolytes. Here, addition of electrolytes helps to lower the refractive index difference between two phases [76]. vii) Density difference between phases and viii) Temperature – temperature effects factors such as strength of interfacial film, interfacial tension, solubility of surfactant, kinetic energy of droplets, and viscosity of liquid.  Emulsions are prone to various breakdown processes that may occur simultaneously as shown in Figure 2-3  [77, 78]. 
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Figure 2-3 Emulsion breakdown processes 
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Phase Inversion – There is a sudden reversal of phases whereby an o/w emulsion becomes w/o type or vice versa. It is due to either increase in phase volume ratio above a critical value or change in solubility of surfactant towards the two phases (Bankcroft’s rule).   Factors that affect phase inversion are temperature, polarity of the oil phase, kind of electrolyte and its concentration, other additives (organic, water-soluble solvents increasing oil solubility in water), and oil volume fraction. 
Ostwald Ripening – Is a direct consequence of the polydispersity in the droplet size distribution. It is characterized by time dependent increase is droplet size. The difference in solubility (chemical potential) between droplets with different diameters (solubility increases with decreasing droplet size – effect of surface area/volume ratio), leads to the diffusion of molecules from small droplets to large ones. For w/o emulsions, the addition of electrolytes to dispersed phase decreases ripening rate [79]. Other approaches to reduce Ostwald ripening are i) increase surfactant concentration (below critical micelles concentration, it hinders rate of new molecule incorporation), ii) add components that reduce rate of diffusion of molecules within dispersed phase. Finally, Ostwald ripening does not take place in monodisperse solutions. 
Phase separation – Gravitational forces may cause large droplet (diameter > 1 µm) to settle preferentially to the top (creaming – o/w emulsion) or bottom (sedimentation – w/o emulsion) of the container. This is observed due to density difference between the phases. Shaking the container reverses the process back to its initial state. Increase in viscosity of continuous phase or lowering density difference between phases reduces probability of phase separation. 
Aggregation processes – During flocculation individual dispersed droplets cluster together without losing their identity, while coalescence is the process 
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whereby two or more droplets fuse together to form a larger droplet. Fusion occurs as a consequence of the rupturing of the thin liquid that separates droplets at flocculation stage under the action of attractive forces or due to thermodynamic instabilities. Flocculation is the initial step towards phase separation. It can be prevented by using polymeric surfactants which provide good steric stabilization. One method to enhance emulsion stability (i.e. prevent flocculation and coalescence) is addition of small amount of ionic surfactant to high concentrations of nonionic surfactant. 
2.1.3 W/O emulsions in biology  
Emulsion Polymerase Chain Reaction 
During replication, cells produce multiple copies of genes (DNA), transcripts (RNA) and encoded peptides and proteins. The content of an individual cell is separated from others by a phospholipid barrier (cell wall), which helps to link genotype and phenotype. Two in vitro methods that mimic this replicating function of cells have formed the basis of a major number of significant advances in the field of biotechnology. The first technique employs bacterial cells (yeast, mammalian cells) to clone and express multiple genes whereby populations arising from single molecules are spatially separated in colonies for easy identification and differentiation[80]. The second technique uses a cell free method known as polymerase chain reaction (PCR) to multiply molecules [81, 82].  During PCR, some templates are preferentially amplified over others attributed to factors such as primer binding energy, amplicon G+C content, amplicon length, secondary structure of gene and its accessibility within genome, gene copy number and amplification efficiency[83-87].  The co-amplification of genes or organisms (viruses, bacteria) with high sequence similarity or repetitive sequence 
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stretches leads to formation of chimeric DNA molecules [88, 89]. Also, DNA artifacts are generated during PCR by cross-hybridization of heterologous sequences [90, 91]. Techniques to lessen PCR bias include optimizing template concentration with number of PCR cycles [66, 84], mixing multiple replicate reactions [84, 86], optimize annealing temperature and  elongation times [85, 92], and increasing temperature ramp rates during PCR cycling[93]. Other techniques involve modifying the basic PCR protocol. For example, touchdown PCR (gradual decrease of annealing temperature during cycles) and hot-start PCR (addition of polymerase at denaturation temperature) increase the specificity of DNA amplification enabling detection of low template numbers. The former prevents mispriming during gene-amplification, while the latter prevents pre-PCR mispriming and primer-dimer formation.  A two-step PCR (Nested PCR) where amplification first proceeds with external primer set, followed by an internal primer set that binds within the target has been shown to improve the specificity (closely related sequences) and sensitivity (very small amount of starting material; rare DNA) over single-step conventional PCR.  Finally, commonly used TAQ DNA (T. aquatics) polymerase introduces base incorporation errors during replication process. Although, these random inserted incorrect bases are not detected during total amplicon DNA sequencing, they may prove problematic for subsequent functional analysis (for example, large scale production of proteins, development of nucleic or peptide assays) and therefore require additional selection steps. The discovery of thermostable polymerases with 3’ – 5’ exonuclease activity has made the fidelity of in vitro DNA replication comparable to cell-based cloning methods [94].  
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Figure 2-4 Emulsion PCR versus Conventional PCR 
conventional PCR: Recombination of homologous regions leads to formation of chimeric products. 
emulsion PCR: Isolated amplification in an emulsion results in equal representation of each fragment.  
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The use of w/o emulsions to carry out polymerase chain reaction (Emulsion PCR), whereby individual templates are segregated and amplified in millions of aqueous droplet micro-sized reactors eliminates biases associated with multi-template PCR [Figure 2-4] [95]. The knowledge of average droplet size and aqueous phase volume enable scientists to tune the template concentration such that there is only 1 template per reactor droplet. This ensures that the abundance and diversity of different templates is unaltered. The detection of single molecules requires optimization of reaction components, cycling conditions and rigorous primer design. Additionally, isolation of individual templates increases probability of primer binding to template and prevents dominance of non-specific product amplification within the reaction. Emulsion reactions have been described for detecting low copy number DNA and RNA molecules [96, 97]. 
Other applications 
Directed evolution - Is the process of evolving proteins within the laboratory to generate protein with novel functionalities. The complexity of protein structure makes it impossible to predict the effect of change in structure on function.  Many mutants of wild-type nucleotide sequence have to be analyzed to generate a protein molecule with desired traits. In vitro compartmentalization of genes and their products in emulsion droplets have been described for the evolution of many enzymes [98-103]. High throughput screens are possible as >1010 reactors are formed within 1 ml of emulsion with reaction volumes in the order of femtoliters (10-15 L) [104]. The resultant increase in effective concentration of reactants and reduction in diffusional distance between them may cause increase in rates of reaction [105]. 
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BEAMing (beads, emulsions, amplification and magnetics) - Is a process of solid-phase immobilization of amplicons during emulsion PCR [106]. Besides preserving clonal information upon emulsion breaking, it lends to ease in downstream manipulation of desired products, for example fluorescence activated cell-sorting [107]. Methods to immobilize amplicons to solid support either bind the amplicon directly to the bead surface via streptavidin-biotin interaction or the amplicons anneal to a covalently surface bound complementary DNA fragment.  Currently, BEAMing methods are used to prepare samples for next generation sequencing with 454 life science [108] and ABI SOLiD platforms [109]. The number of templates within droplets is modeled as a Poisson distribution translating to the possibility that a large number of emulsion droplets have beads but no templates [96]. To enrich for amplicons carrying beads and increase the number of sequencing reads, modifications have been introduced during sample preparation steps [110]. 
2.1.4 Methods to prepare single-strand DNA from double-stranded DNA 
The preparation of single stranded DNA is an important component of many procedures in molecular biology such as strand-specific microarray hybridization [111], next-generation sequencing [112], solution-based target enrichment [113, 114] and Systematic Evolution of Ligands by EXponential Enrichment (SELEX) [115]. Existing methods to convert library of double-strand DNA (dsDNA), specifically PCR amplicons to get single-strand DNA (ssDNA) can be divided into two categories, i) enzyme based or ii) affinity capture based. Enzymatic methods either selectively degrade or preferentially amplify one strand over the other. Exonuclease III and T7 gene 6 exonuclease digest both strands of dsDNA at equal rates to form 
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two shorter DNA fragments of half the dsDNA template length [116, 117]. Both methods require modification of the dsDNA to prepare full length ssDNA.  
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Figure 2-5 Exonucleolytic hydrolysis of duplex DNA to generate ssDNA 
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T7 exonuclease attacks double-strand DNA substrates from 5’ end. The use of phosphorothioate bonds in the DNA backbone of the first few bases at 5’ end of DNA strand makes it resistant to exonucleolytic hydrolysis. PCR primers with the above modification have been used to prepare single-strand DNA for PCR based Elisa-type single nucleotide polymorphisms (SNP) detection assays [118], and Sanger DNA sequencing [Figure 2-5.a].  
Exonuclease III digests duplex DNA from 3’ end. The incorporation of 2-phosphorothioate bonds at 3’ end of DNA strand makes them resistant to exonucleolytic hydrolysis. As Exonuclease III is inactive on ssDNA, duplex DNA digested with restriction enzymes that generate four-base or longer 3'-protrusions to generate single-strand DNA have been successfully used for sequencing [Figure 2-5.b] [119].  
Lambda exonuclease is a highly processive enzyme that preferentially digests duplex DNA strands with 5’ terminal phosphate [Figure 2-5.c] [120]. The enzyme is well characterized and has been shown to have greatly reduced activity for 5’ terminal hydroxyl strand of native and denatured DNA Article [121, 122]. Lambda exonuclease has been used to prepare single-stranded DNA for wide variety of applications. For example, probes for in situ hybridization [123], capture probes for next-generation DNA sequencing [124], dye-labeled targets that improve microarray hybridization signal-to-noise ratios [125], and DNA-based sensors [126].  
Asymmetric PCR (AsymPCR; thermostable DNA polymerase) is used for preferential amplification of one strand over the other by using unequal primer concentrations to get single-strand DNA targets [Figure 2-6.a]. The technique requires rigorous primer design dependent on thermodynamic properties of both the product and primers and is limited by the size of PCR product [127].  Although, difficult to optimize and requiring 50+ cycles to produce high single-strand to 
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double-strand DNA ratio, variations of asymmetric PCR have been the used in diverse applications such as profiling of yeast knockout strain collection [128],  in multiplexed detection of drug resistant genes [129],  and single cell genetic diagnostic [130]. 
Figure 2-6 Formation of single-stranded DNA 
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Magnetic isolation - An alternative non-enzyme method to get single-stranded targets from double-strand DNA is strand separation using biotinylated primers and streptavidin-coated magnetic beads [Figure 2-6.b]. Depending on downstream application, they can be captured either directly onto the bead surface Article [131, 132] indirectly captured via hybridization on pre-immobilized probes [133]. Next-generation-sequencing technologies use both capture techniques during library preparation and sequencing steps, for example enrichment of starting sample (poly (A) tail RNA, known DNA or RNA sub-populations), capture of biotinylated DNA for emulsion PCR, and selection of beads that have emulsion PCR products [134]. 
In vitro transcription and reverse transcription - Reverse transcriptase in the presence of a suitable primer synthesizes a complementary DNA copy of an RNA template [135, 136]. This coupled with an upstream RNA amplification has the potential to generate large quantities of ssDNA probes [137]. 
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2.2 Experimental methods and protocols  
2.2.1 Process outline 
Processing chip-derived oligonucleotide libraries 
The synthesized oligonucleotide library is released from microarray in large volume of alkaline solution (30% ammonium hydroxide). The volume is reduced to 30 – 40 μl by either evaporating the excess solution under vacuum or ethanol precipitation. The DNA library is purified on size-exclusion spin columns using recommended protocol (CS-20, Princeton Separations) and quantified by Nanodrop spectrophotometer (Thermo Scientific). 
Standard curve – Real time PCR 
115-mer gel-purified oligonucleotide is obtained from Integrated DNA Technologies.  10 x serial dilutions of the oligonucleotide ranging from 100 femtomole (~60 billion molecules) to 100 yoctomole (~6 molecules) are amplified by real time PCR (Chromo4-PTC 200 thermocycler, MJ Research). The PCR master (devoid template) consists of 0.5 μM forward and reverse primers, 2.5 mM MgCl2, 1 X GoTaq-flexi buffer, 0.2mM dNTP, 2 μM SYTO13 dye and 2.5 U GoTaq-flexi polymerase (Promega Inc). The final reaction volume at each template 
concentration is 50 μl. The amplification program is comprised of 35 cycles with the following steps: initial denaturation at 94°C for 2 min, 35 cycles of denaturation at 94°C for 15 s; primer annealing at Tm-5°C for 20 s; primer extension at 72°C for 20; and final elongation at 72°C for 5 min. The signal intensity of SYTO13 dyes is measured immediately after the annealing and extension temperature [138] . A melt curve is generated by slowly increasing the temperature in steps of 0.5°C from 60°C 
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to 95°C. The tubes are held for 5 s at every temperature increment, followed by measurement of dye intensity. The data is analyzed using Opticon software available with the thermocycler.   
Emulsion PCR 
80 μl of ABIL EM90 (4%) and 1 μl of Triton X-100 (0.5%) surfactants are added to 2 ml of light mineral oil and rigorously mixed for 1 min and out on ice. The PCR (aqueous) mix contains 1 – 5 μl of template, 0.5 µM each of forward and reverse primer, 1 X GC buffer (proprietary solution), 1 mM MgCl2, 0.5 µg/µl BSA and 2 U/50 µl hot-start high-fidelity phusion DNA polymerase.   
Figure 2-7 Emulsion PCR 
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The oil phase (4% ABIL EM90; 0.05% Triton X-100) is transferred to 2 ml glass vial containing magnetic stirrer [Figure 2-7].  The emulsion is prepared by drop-wise addition of PCR solution to oil phase (stirred at 1000 rpm), followed by additional stirring for 15 minutes. The ratio of aqueous: oil phase is maintained at either 1:4 or 1:6 and the final volume of emulsion is kept between 200 – 600 µl. The emulsified product is transferred to 0.2 ml PCR tubes or PCR plate in aliquots of 50 µl. PCR is performed in an Eppendorf thermocycler. The amplification program is comprised of 35 cycles with the following steps: initial denaturation at 98°C for 1 min, 30 cycles of denaturation at 98°C for 15 s; primer annealing at Tm-5°C for 20 s; primer extension at 72°C for 20 s; and final elongation at 72°C for 5 min. After PCR 
amplification, the products equivalent to 100 μl of aqueous phase volume (i.e. 400 – 
600 μl emulsion volume) are pooled together in 1.6 ml centrifuge tube containing 5 µl of loading buffer (indicator – orange G/xylene cyanol, to help identify water droplet in organic solvents), followed by addition of mineral oil to 1.4 ml final volume. The contents of tubes are mixed by vortex for 1 min. The emulsion is separated into oil and aqueous-surfactant phase by centrifugation at 13,000 g for 10 min.  The upper (oil) phase is removed and the aqueous-surfactant phase is broken by successive washes with 1 ml water saturated solutions of diethyl ether and ethyl acetate. In each case, the contents of the tubes are mixed by vortex (10 s) and collected by centrifugation (5 s), followed by removal of upper solvent phase. The bottom phase contains the PCR products. After the final diethyl ether wash step the tubes are placed on 37°C heat block to evaporate trace amounts of leftover diethyl ether. 
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Restriction digest 
1 μg of PCR amplicons are digested with 20 units of Mbo II restriction 
enzyme (New England Biolabs Inc.) in 50 μl reaction for minimum 2 h at 37°C. The buffer formulation is 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM Dithiothreitol pH 7.9 @ 25°C (1 X NEB buffer 2).  For DNA size >100 bp, the enzyme is heat inactivated at 65°C for 20 min. To avoid possible strand separation and incorrect strand re-annealing, the enzyme is not heat activated for duplex DNA < 100 bp.  dsDNA is purified with MinElute PCR purification kit (Qiagen Inc.) following manufacturer’s protocol with following modifications, i) nucleic binding step is 
performed at 6,000 g for 1 minute, ii) a second elution step is performed with 10 μl of EB buffer and centrifuged for 3 minutes. The concentration of DNA (2 μl) is measured with Nanodrop spectrophotometer and saved for gel analysis. 
Preparation of single-strand DNA 
The 5’-phosphoryl strand of restriction digest product is hydrolyzed in 1 X lambda exonuclease buffer (67 mM Glycine-KOH, 2.5 mM MgCl2, 50 µg/ml BSA, pH 9.4 @ 25°C) at 37°C for 30 minutes (unless stated). 1 unit of enzyme is used for every 5 pm of double strand DNA. The concentration of dsDNA in final reaction volume is kept between 0.5 pm/µ to 2 pm/µl. Finally, the enzyme is inactivated by heating at 75°C for 15 min and the products are run on acrylamide gel for purification.  
2.2.2 Yeast Knock-out (YKO) deletion collection 
Frozen (-80°C) samples of pooled mat-alpha mating YKO deletion strains is thawed on ice and diluted in 2% glucose rich media. The cells are spread on rich media supplemented with 200 µg/ml geneticin (G-418; Gibco) and grown at 28°C (2 
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days).  They are recovered in ringer’s solution (0.4% NaCl) and cells are counted using hematocytometer.  Yeast genomic DNA (20kb – 40kb) is extracted from 10 OD600 of cells (1 OD600 = 2.7E+07 cells/ml) using ‘smash and grab’ method [139]. Acid washed glass beads (400 – 500 μm) and phenol chloroform solution (pH 8.0) are used to break open the yeast cell wall under rigorous mixing followed by multiple steps of phenol/chloroform extraction. The protocol is modified to include a protein digestion (Proteinase K) and additional phenol/chloroform and chloroform extraction steps after RNase A treatment to yield high quality genomic DNA (OD260/OD280 > 1.8). 
Touchdown PCR  
PCR amplicons corresponding to the either UPTAG or DNTAG modules are amplified using universal primer sequences. The PCR reaction mix (50 μl) contains 
200 ng yeast genomic DNA, 0.5 μM forward and reverse of UPTAG or DNTAG primers, 2.5 mM MgCl2, 1 X GoTAQ flexi buffer, 0.2mM dNTP and 2.5 U GoTAQ polymerase (Promega Inc). The cycling parameters are as follows:  initial denaturation at 94°C for 2 min; 4 cycles of dsDNA denaturation at 94°C for 20 s, primer annealing at initially Tm+6°C for 30 s with 2°C decrease per cycle; primer extension at 72°C for 30 s; 30 cycles of denaturation, primer annealing and extension at constant annealing temperature Tm-4°C; and final elongation at 72°C for 5 min. 
Restriction digest of yeast genomic DNA 
1 µg of genomic DNA is separately digested with 20 U DraI (recognition site: 5’-TTT/AAA-3’) and 20 U NdeI (recognition site: 5’-CA/TATG-3’) for 37°C for 60 
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minutes. The buffer components are 50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate and 1 mM dithiothreitol (DTT) buffer (1 X NEB 4 buffer).  In a third tube, 20 µg of genomic DNA is then digested overnight with 60 units each of DraI and NdeI in 1 X NEB buffer at 37°C.  In all cases, the enzymes are inactivated after digestion by incubation at 65°C for 20 min.  
2.2.3 Enzyme based methods to prepare single-strand DNA from duplex DNA 
PCR amplification and restriction digest 
300 base-pair (bp) amplicons with UPTAG module is amplified with modified U1 universal primer and 5’-hydroxyl KanB by touchdown PCR. In case of T7 gene 6, the first 5 bases at 5’ end of U1 primer are linked by phosphorothioate bonds. In case of lambda exonuclease, the U1 primer has a 5’-phosphoryl group. The amplicons are purified on QiaQuick PCR purification columns and eluted with 50 µl of Tris-HCl pH 8.0. 1 µg of purified amplicons are digested with 20 units of Bgl II restriction enzyme (20 µl, 1x NEB buffer 4) for 30 min at 37°C, followed by heat inactivation of the enzyme for 20 min at 65°C. 
T7 gene 6 exonuclease and 5’-phosphorothioate backbone strand 
0.5 µg of amplicon (phosphorothioate backbone) is digested with 50 U of T7 gene 6 exonuclease (Affymetrix Inc.) for 45 min at 37°C in 1x T7 gene 6 exonuclease 
reaction buffer (20 μl). The enzyme is inactivated by heating at 75°C for 10 min. 
Lambda exonuclease and 5’-phosphoryl terminus strand 
0.5 µg of PCR amplicons with 5’ phosphorylated ends are digested with 10U of lambda exonuclease (New England Biolabs) for 60 min at 37°C in 1x lambda 
exonuclease buffer (20 μl). The enzyme is inactivated by heating at 75°C for 10 min.  
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Exonuclease I hydrolysis of ssDNA 
An aliquot of ssDNA product is hydrolyzed with 1 U/μl exonuclease I (20 μl; New England biolabs) for 60 min at 37°C to detect for presence of ssDNA. Equal concentrations of unpurified PCR, BglII digest, single-strand formation reaction and exonuclease digestion products are electrophoresed on native polyacrylamide gels.  
2.2.4 Preparation of single-strand DNA with 5’-modified end   
300 bp UPTAG module region of YKO collection is amplified in six separate PCR reactions with forward U1 primer modified by 3 different 5’-terminus groups (Cy3, Cy5 and hydroxyl) and reverse KanB primer with 5’-hydroxyl or 5’-phosphoryl group. 5 pmol of PCR product is digested with lambda exonuclease (1 U enzyme / 5 pm DNA) at 37°C for 45 min (10 µl). The enzyme is heat inactivated at 75°C for 15 minutes.  2.5 pmol of PCR and lambda exonuclease products are digested with 
exonuclease I for 30 min (5 μl). Equal concentrations of the 4 products are run on 6% native acrylamide gel.  
2.2.5 Optimize digestion time of Lambda exonuclease 
146 bp region of the YKO genomic DNA is amplified using 5’-phosphoryl forward primer and 5’-hydroxyl reverse primer by PCR. 400 ng (~ 4 pm) of PCR amplicons are digested with lambda exonuclease (1 U enzyme / 5 pmol dsDNA) in 5 µl reaction at 37°C at varying time points ( 1, 2, 5, 10, 15, 30 and 60 min) in separate 0.2 ml PCR tubes. Lambda exonuclease samples at 15, 30 and 60 minutes as well as PCR sample are hydrolyzed with exonuclease I enzyme at 37°C for 30 min (10 µl). The products are run on 8% native acrylamide gel.  
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2.2.6 In vitro transcription and reverse transcription 
4 pmol of emulsion PCR products is transcribed in 40 μl reaction with AmpliScribe™ T7-Flash™ Transcription Kit (Epicentre Biotechnologies Inc.) at 42°C for 4 h. 1 µl of TURBO DNase is added to the reaction and incubated at 37°C for 15 min, followed by inactivation of DNase with 2 µl of inactivation reagent following TURBO DNA-free kit (Ambion Inc.). 36 µl of the DNase inactivated solution is suspended in 144 µl nuclease free water and 20 µl 3 M sodium acetate (pH 5.2) and purified on two RNeasy columns (Qiagen Inc.). The RNA is eluted with 50 µl of nuclease free (total 150 µl). The concentration is measured with Nandrop spectrophotometer. RNA is reverse transcribed with superscript II (Invitrogen Inc.) following manufacture’s protocol with a few modifications; i) 100 pmol of RNA is used per 20 µl reaction, ii) use of 1.5 x sequence-specific primer (150 pmol), iii) the hybridization reaction is heated at 65°C for 5 min and slowly cooled (-0.1°C/s) to 37°C, iv) the reaction after addition of enzyme is incubated at 37°C for 3h and v) the reaction is scaled to process 1200 pmol (240 µl) of RNA. RNA is hydrolyzed with 0.43 volume (103.2 µl) of 1 M NaOH at 65°C for 15 min, followed by inactivation with equal volume (103.2 µl) of 1 M HCl. The cDNA is ethanol precipitated with 0.3 M sodium acetate (pH 5.2, 50 µl). Post precipitation the DNA pellet is suspended in 75 µl nuclease free water and purified with three centri-spin20 column (25 µl each). 
2.2.7 SYBR gold gel staining 
Polyacrylamide gels are stained using SYBR gold dye [80]. The top plate is removed with the gel on the bottom plate. Excess gel not containing any nucleic acid products is cut out, followed by washing the gel with deionized water. 5 µl of 10,000x SYBR gold (Invitrogen Inc.) is suspended in 10 ml of tris-HCl pH 8.0 (10x) and poured over the gel. The nucleic acids are stained in the dark for at least 20 min. 
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The gel is washed to remove excess dye and transferred on to a UV transilluminator for analysis and image capture with camera (fitted with orange filter).  
2.2.8 Polyacrylamide gel (PAGE) purification 
The desired DNA band is excised from the gel and transferred to 1.6 ml tube. The DNA is extracted from the gel using ‘crush and soak’ method [140]. Post incubation (>20 h), the buffer solution is run through 22 µM spin column filter to separate out the gel fragments and the DNA is ethanol precipitated. The re-suspended DNA is purified on silica-based filter columns or size-exclusion columns to get cleaner product. 
2.2.9 Phenol/ Chloroform/ Isoamyl Alcohol (PCIA) purification 
For enzyme inactivation or purification of reactions where DNA or both DNA and RNA are needed for downstream applications, we use PCIA pH 8.0, following standard protocol [141] with minor modifications; i) if minimum reaction volume (100 µl) is not met, it is increased by addition of nuclease free water, ii) 0.5 M NaCl is added to aqueous phase iii) the entire upper phase is recovered and processed with chloroform pH.0 to remove any trace amounts of phenol, and iv) the contents of the tube are vortex for 1 min followed by centrifugation for 5 min at >10,000 g to separate the two phases. Post chloroform extraction, the upper phase is recovered and precipitated using ethanol. 
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2.3 Experimental results and discussion 
2.3.1 Yeast knock-out collection (YKO) 
The Saccharomyces Genome Deletion project has made as complete a set as possible of yeast knock-out (YKO) strains with the overall goal of assigning function to the ORFs through phenotypic analysis of the mutants [142-144]. PCR-based gene deletion strategy is used to generate a start- to stop- codon deletion of each of the ORFs in the yeast genome. As part of the deletion process, each gene disruption is replaced with a KanMX module and uniquely tagged with one or two 20mer sequence(s), assigned as UPTAG and DNTAG sequence. The tags are detected via hybridization to a high-density oligonucleotide array, enabling growth phenotypes of individual strains to be analyzed in parallel. YKO genomic DNA is used to validate and optimize protocols for emulsion PCR and enzyme based ssDNA generation methods. 
2.3.2 Interpretation of gel images 
Each gel image has a ladder that is used as a size marker to indicate the position of the DNA or RNA product. The size of relevant DNA or RNA band is shown to the right of the figure for interpretation.  
2.3.3 Dependence of emulsion PCR on template size and concentration 
The goal of this experiment is to study the effect, if any of the template size on the success of emulsion PCR. Whole and digested fractions of genomic DNA are analyzed on 0.8 % TBE agarose gels [Figure 2-8]. 10 kb ladder are run as size markers (lane 1, 4, 7). We see that uncut genomic DNA (lane 3, 7) runs above 10 kb size marker. In restriction digest with one enzyme, there is significant amount of 
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high molecular weight DNA (lane 2, 5; smear from 4 kb to > 10 kb). Double enzyme restriction digest eliminates the high molecular weight DNA and gives DNA size distribution between 4 kb and <0.5 kb (lane 8).      
     
Figure 2-8 Restriction digest of yeast genomic DNA 
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200 ng of genomic DNA is amplified by both PCR methods (conventional PCR and emulsion PCR) to detect two different amplicons (200 bp, 300 bp) and double digest genomic DNA (DraI / NdeI digestion) is amplified by both methods to detect only the 300 bp amplicons. The basic emulsion PCR protocol described in methods sections has a few modifications, i) 5U GoTaq polymerase (Promega Inc.) and ii) aqueous: oil phase ratio is 1:8. Here, no-template’ control is used to test for PCR contamination. 20% of non-emulsified and 100% of emulsified reactions products are run on 1 % TBE agarose gel [Figure 2-9]. 
Figure 2-9 Effect of template size on emulsion PCR 
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   In case of whole genomic DNA, there is no amplification of products in emulsion PCR (lane 3), compared to conventional PCR (lane 2). For PCR amplification on digested genomic DNA, there is desired DNA band for both conventional PCR (lane 6) and emulsion PCR (lane 7). This experiment shows that the success of emulsion PCR amplification is dependent on the size of template and droplet diameter i.e. the DNA template molecule in an expanded form should fit into 
the emulsion droplets. The maximum DNA length when droplet diameter is 5 μm 
should be less than 34 nm * x = 5 μm, x ~ 14.7 kb.  Now, there is a significant difference between the yields of PCR product between the two PCR methods. The low amount of product in emulsion PCR may be due to low concentration of digested DNA fragment with the target sequence such that there is no amplification in many of the emulsion droplets.  
2.3.4 Dependence of emulsion PCR on type of oil 
The stability of w/o emulsions is influenced by the viscosity of the oil (continuous phase), viscosity of aqueous phase (dispersed phase) and the viscosity difference between the phases. Also higher viscosity of continuous phase can reduce droplet size and prevent coalescence [145]. To test for effect of oil type on emulsion PCR outcome, two oils namely mineral oil (viscosity – 15 mPa.s at 40°C, non-polar) and TEGOSOFT® DEC (viscosity – 5 mPa.s at 25°C; medium polarity) are used to prepare the oil phase.  The surfactant concentration is kept constant at 4% ABIL EM 90, 0.05 % Triton X-100, in two different oil formulations; i) 50 % mix of mineral oil and TEGOSOFT® DEC or ii) 100 % light mineral oil to amplify the 300 bp sequence. For this experiment we used a 2 kb PCR amplified fragment of YKO genomic DNA 
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(gDNA). This has two advantages namely, the template size is small enough to fit in the emulsion droplet (no need of digestion) and the templates have uniform length (can have 1 template per droplet). Here, we used two different template concentrations equivalent to approximately 2 (5 fmol) and 20 (50 fmol) templates per droplet. The expected amplicon size is 300 base pair. 20 % of conventional and emulsion PCR products are run on 1% TBE agarose gel [Figure 2-10].  
Figure 2-10 Effect of oil type on emulsion PCR 
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 From the gel image, there is no PCR product in emulsions formed with blend of two oils (lane 4, 6), whereas with 100% mineral oil based emulsion, there is amplification of the desired 300 bp target sequence for both template concentrations (lane 8 – 5pmol and lane 10 - 50 pmol). The failure of amplification in the oil blend is attributed to the breakdown in emulsion as concluded from the settling of emulsion at the bottom of tube. Now, the oil blend of TEGOSOFT® DEC and mineral oil when stabilized with another surfactant ABIL WE09 (cetyl dimethicone copolyol-co-polyglyerol-4-ido-stearate-co-hexyl laurate) does amplify PCR products [106]. This validates that the selection of oil and surfactant are critical factors for success of emulsion PCR [146].  In this experiment the template concentration is increased to get roughly 1 template per droplet. This significantly increases the yield of emulsion PCR (Figure 2-10, lanes 8 and Figure 2-9, lane 7). Also, in conventional PCR method the starting template concentration plays a role in the formation of non-specific products (lane 3, 5). There are present multiple DNA bands above the 300 bp sequence for 50 fmol template concentration (lane 3), which are not detected at lower template concentration (lane 5 – 5 pmol). Here, we that the ‘no template’ PCR controls (lanes 2, 9 and 11) show no contamination. 
2.3.5 Enzymatic hydrolysis methods to prepare single-stranded DNA from duplex DNA 
We focused on two enzyme hydrolysis methods i.e. T7 gene 6 exonuclease and Lambda exonuclease to prepare single-strand DNA from duplex PCR amplicons. Other methods such as LATE-PCR and exonuclease III are not tested due to restrictions imposed by upstream processing of surface-cleaved oligonucleotides and downstream applications of the single-strand DNA library. The 50+ cycles 
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required to get high single-strand DNA to duplex DNA ratios, rigorous primer and amplicon design criteria for reproducible amplification and stability of emulsion (< 35 cycles) make LATE-PCR unsuitable to prepare for single-strand DNA. In addition, truncated sequences in the microarray derived library would be amplified by this method. Recently, exonuclease III has been shown to digest single strand DNA [147]. The authors also report that only phosphorothioate linkages with R stereochemistry are resistant to exonucleolytic cleavage, not those with S stereochemistry. This conflicts established results where the S stereoisomer and not R stereoisomer imparts resistance to exonuclease degradation. Experiments to study the hydrolysis of unmodified strand of dsDNA by both T7 gene 6 exonuclease and Lambda exonuclease to generate ssDNA is performed on UPTAG sequence incorporated in Yeast Knock-out (YKO) deletion collection.  
T7 gene 6 exonuclease and 5’-phosphorothioate backbone strand 
Oligonucleotide strands with phosphorothioate backbone are resistant to exonucleolytic hydrolysis by enzyme T7 exonuclease [118, 148].  To test of the above, template DNA is amplified by touchdown PCR to incorporate phosphorothioate bonds in the last 4 bases at 5’-terminus of one strand, while the complementary strand has phosphate backbone. 
 59  
            From Figure 2-11, the 300 bp PCR product (lane 2; orange band) is digested (Bgl II) to generate two fragments of 220 bp and 80 bp (lane 3, 7; orange bands).  Here, the 220 bp dsDNA fragment has one strand with phosphorothioate backbone (5’thio) while the other has phosphate backbone (5’P) (lane 3, 6). On the other hand the 80 bp dsDNA fragment has both strands with phosphate backbone (lane 3, 6). The 80 bp (5’P/5’P) dsDNA get digested with T7 exonuclease (lane 4 and 7, no band). When the 220 bp dsDNA band is hydrolyzed with T7 exonuclease, we see DNA bands (lane 4, 7; 200 bp).  The formation of 220 bp ssDNA (lane 4, 7) is confirmed by digestion with 3’-5’ acting single-strand DNA specific exonuclease I (lane 5, 8).  Now, the restriction digest reaction is incomplete as indicated by presence of 300 bp band in all lanes expect lane 1, 5 and 8. Lane 1 is negative PCR control (no-template) and shows no products. The presence of background bands and smear are due to silver deposition on proteins and molecules other than desired DNA. The 
Figure 2-11 T7 gene 6 exonuclease and phosphorothioate backbone 
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reactions are performed and run in duplicate to minimize errors. Thus, 4 phosphorothioate bonds in the DNA backbone protect it from digestion with T7 exonuclease and this method can be used to make single-strand DNA.  
Lambda exonuclease and 5’-phorylated strand 
A similar experiment as described above is done to determine the efficiency of lambda exonuclease to preferentially digest the 5’-phosphorylated strand of double-strand DNA.     
Figure 2-12 Lambda exonuclease hydrolysis of 5’ phosphoryl end 
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From Figure 2-12, 300 bp PCR amplicons (lane 2) with one 5’-phosphoryl (5’P) strand and other with 5’-hydroxyl (5’OH) complementary strand are digested (Bgl II) to generate two smaller DNA bands of size 220 bp and 80 bp (lane 3, 7). The 220 bp dsDNA has 5’P/5’OH strand configuration, while the 80 bp dsDNA has 5’P/5’P strand configuration. For the 80 bp dsDNA both strands with 5’-phosphoryl termini get hydrolyzed completely by lambda exonuclease (lane 4, 8). In case of the 220 bp dsDNA only the strand with 5’-phosphoryl termini get hydrolyzed leaving behind the 5’OH nucleic acid band (lane 4, 8), which is hydrolyzed upon addition of single-strand exonuclease (lane 5, 9). Also, exonuclease I is able to digest some amount of dsDNA (lane 5, 10). This is attributed to sufficient ‘breathing’ of duplex DNA structure (formation of single-stranded regions) during enzyme inactivation at 80°C for 20 min. Although, there is degradation of duplex DNA by exonuclease I, the disappearance of 80 bp band during hydrolysis reaction confirms formation of ssDNA by lambda exonuclease. The unidentified background bands are due to indiscriminant silver staining of enzymes, proteins, lipids and molecules other than nucleic acids. Both T7 gene 6 exonuclease and lambda exonuclease methods result in conversion of dsDNA to ssDNA with equal success. 
2.3.6 Preparation of single-strand DNA with 5’-modified end   
For downstream applications, especially to improve signal intensity on microarrays [149], we wanted to have the flexibility to make ssDNA with 5’-fluorescent dyes or biotin moiety. As formation of ssDNA by T7 exonuclease depends on protection of DNA backbone from exonucleolytic attack and not the identity of 5’-terminus group, this method is not investigated further.  
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Figure 2-13 Lambda exonuclease activity on modified 5’-ends 
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Here, 3 separate forward primers with 5’ - fluorescent (5’Cy3, 5’Cy5) or hydroxyl (5’OH) termini are used with either 5’-phosphoryl (5’P) or 5’-hydroxyl reverse primers are used to independently amplify 6 different PCR products. The PCR products with the experimental process and expected results are shown in [Figure 2-13.a].Both dsDNA and ssDNA are digested with exonuclease I. The exonuclease I inactivation protocol is modified to prevent digestion of dsDNA due to ‘breathing’ of dsDNA at the ends. This is done by adding 20 mM EDTA to inhibit some of the exonuclease I activity immediately followed by heat inactivation at 80°C for 20 min.  Equal concentration of template is used for each step of the reaction and all the products are loaded on the gel [Figure 2-13.b. and Figure 2-13.c]. Each of the 6 independent PCR products has 4 lanes on the gel. The 1st and 3rd lanes contain PCR and lambda exonuclease products; while the 2nd and 4th lanes contain exonuclease I digested PCR and lambda exonuclease products respectively. Across the 6 reactions, exonuclease I is unable to digest dsDNA (lane 1, 2), indicating the success of the inactivation method. Henceforth, this method is used to infer formation of ssDNA.  When both strands are non-phosphorylated (5’-mod/5’OH), there is no exonuclease digestion [Figure 2-13.b]. In cases of (5’mod/5’P) dsDNA [Figure 2-13.c], the 5’-phosphoryl strand is hydrolyzed to yield ssDNA (lane 3), which is subsequently degraded by exonuclease I (lane 4). This shows that lambda exonuclease can be used for generation of 5’-fluorescent ssDNA. Similar results are obtained when biotin group is linked to 5’end of one strand while the complementary strand is phosphorylated.  
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2.3.7 Optimal digestion time of Lambda exonuclease  
Studies to determine lambda exonuclease processivity show that it digests single-strand DNA and non-phosphorylated DNA at greatly reduced rates independent of the length of substrate. The amount of 5’hydroxyl dsDNA digested plateaus at 20% after first 10 minutes of incubation time [150]. A time series experiment is done to determine the conversion of dsDNA to ssDNA [Figure 2-14.a].  
Figure 2-14 Optimal digestion time (lambda exonuclease) 
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Double-strand DNA with one strand 5’phosphorylated and other non-phosphorylated is digested with lambda exonuclease at multiple digestion time (1, 2, 5, 10, 15, 30 and 60 min, lane 6 -14). Formation of ssDNA after 15, 30 and 60 min is verified by digestion with exonuclease I (lane 2 – 4). In all three cases there is still some dsDNA detected. Following, gel staining and image capture, the dsDNA band signal intensity in each lanes is analyzed with Image J software. Percentage of single-strand DNA formed at each time point is determined as follows, i) subtract background from each dsDNA band intensity, ii) calculate average band intensity of ‘no-lambda exonuclease’ controls and set as 100% (lane 1, 14), iii) normalize intensity of dsDNA band at lambda exonuclease time-points with respect to ‘no-lambda exonuclease’ controls to get % dsDNA, iv) calculate % ssDNA   = 100 - % dsDNA. The presence of high molecular weight smear in the PCR and lambda exonuclease products as well as low separation resolution of dsDNA and ssDNA makes quantification of ssDNA inaccurate. Multiple repeats of the experiments gave the same result. Although this method, is not useful to quantify digestion of 5’-hydroxylated ssDNA, majority (>85 %) of duplex DNA is hydrolyzed within the first 5 min of the reaction [Figure 2-14.Inset]. 
2.3.8 Amplification of microarray-derived DNA library 
W/O emulsion droplet size 
For emulsion PCR, thermostable non-ionic surfactant ABIL EM 90 (chemical name: cetyl dimethicone copolyol; HLB value 5; oil-soluble) is used to prepare the oil formulation. A trace amount of a water-soluble surfactant (Triton X-100; HLB value 13.4) is added to the oil to enhance the adsorbility of ABIL EM 90 on the surface of aqueous droplet. This reduces the interfacial tension between oil and 
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water droplets , increasing droplet stability and giving a narrower size distribution of droplets [151]. We measure the size of the emulsion droplets by confocal microscopy after PCR amplification. W/O emulsions with 4 parts oil to 1 part water are prepared with addition of 0.1 mM fluorescein to the aqueous phase. Confocal images are acquired along Z-axis at different XY planes. The emulsion droplets have size ranging between 2 – 12 μm, with >85% droplets distributed between 2 – 8 μm [Figure 2-15].   
Figure 2-15 Measurement of droplet size 
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The droplet size across multiple experiments gave similar spread in distribution, though number of droplets in each bin kept fluctuating. Comparing with droplet distributions obtained using same oil-surfactant mix a droplet size of 
5μm is used to estimate 1 template per droplet concentration [95]. From the droplet diameter and volume of aqueous phase, one can calculate the starting template concentration to achieve theoretically one template per droplet [Equation 2. 1]. For 
example, 100 μl PCR (aqueous) gives approximately 1.5 billion droplets with 5 μm diameter.      Equation 2. 1 Where,     = volume of PCR aqueous phase (µl)    = number of droplets    = droplet diameter (µm)   Now, the emulsion droplet size and stability depend on several factors; i) input energy during emulsion formation, ii) duration of energy, ii) volume of oil and aqueous phases, iii) type of oil, iv) viscosity of both phases [152], v) interfacial tension, and vi) pH of aqueous phase [153]. Scientists have achieved tighter distributions of nanometer size droplets (100 - 300 nm ± 10 nm) using ultrasonic energy to successful perform emulsion PCR, but they conclude that the large  amount of PCR enzyme required for every droplet make the reaction cost prohibitive [146].  
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Oligonucleotide library concentration measurement 
Microarray synthesized oligonucleotides released from the array surface have a large fraction of oligonucleotides of random size. These undesired oligonucleotides bias any absorbance based quantification of desired oligonucleotide and cannot be removed using conventional spin-column purification methods. For emulsion PCR to be effective (i.e. no chimeric DNA products) the concentration of templates per droplet has to be less than or equal to one. To estimate the concentration of correct oligonucleotides, a real-time PCR dilution series calibration or standard curve is made using a commercial oligonucleotide with a) length (± 5 nt) similar to the DNA library and b) same universal primer binding sequences. The amplification plot and standard curve are shown in [Figure 2-16].   
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Figure 2-16 Real-time PCR – Standard curve 
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For reproducibility, two independent template dilution series are made starting from 10 pmol to 1 zmol. Each dilution series is amplified twice by real-time PCR with a separate master mix to give quadruplicate standard curves. There are non-specific products in high (>100 fmol) and low (<100 zmol) template concentration tubes and this were discarded for analysis. The 4 Cq values (i.e. the cutoff threshold at the exponential PCR phase) at each template concentration are averaged and plotted against the template concentration to give calibration curve [Figure 2-16]. The error in template concentration measurement ranges from ±0.1 to ±0.5 PCR cycles, corresponding to 1.1- to 1.4- fold error in predicting template concentration. The standard curve is used to derive an equation to calculate the DNA concentration from Cq value [Equation 2. 2].   Equation 2. 2 Where,     = DNA concentration (fmol)    = real-time PCR threshold value (exponential phase of PCR)   The efficiency of the PCR reaction is 86.67% (E=10–1/slope) and the curve is valid for estimating DNA concentration between 100 fmol (10-15; 60 billion molecules) to 100 zmol (10-21, 6000 molecules). The oligonucleotide library released from the chip surface is amplified in duplicate at 3 different dilutions (10 x dilutions; 1 ng – 10 and the corresponding Cq values are used to calculate the concentration of correct length DNA. The amount of PCR amplifiable product estimated using standard curve is 30- to 100- fold less than using spectrophotometer. 100 µl PCR mix forms ~1.53 billion emulsion droplets, 
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requiring 2.6 fmol of template to achieve 1 template per droplet. With 100 – fold less template i.e. 0.026 fmol, this would give only 0.01 template per droplet (i.e. 1 template / 100 droplet) corresponding to only 1% droplets with template. For the 30- fold less template, only 3% droplets have template.  
Comparison of PCR methods and effect of buffer composition  
The goal of this experiment is to show that emulsion PCR preserves library complexity. Chip-derived oligonucleotide library (117 bp) is amplified by both conventional PCR (convPCR) and emulsion PCR (emPCR) using two different buffers compositions.  A common 150 µl PCR master mix is used for both PCR, where 50 μl is used convPCR and the rest for emPCR. 10 % of products are run on 2 % TBE 
agarose gel with 1μg of 25 bp ladder and ‘no template’ conventional PCR controls [Figure 2-17].    
Figure 2-17 Emulsion PCR versus Conventional PCR 
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From gel image, comparing only the emPCR (lane 4, 8) and convPCR (lane 3, 7) products we see that emPCR results in sharp DNA band between 100 bp and 125 bp (expected size 113 bp, bottom arrow) than convPCR, where there is a smear of products between 75 – 125 bp. Also the amplicons size is different between the two PCR methods. In convCR the amplicons are bigger than the expected size (top arrow, >125 bp), indicating formation of PCR artifacts. Comparing the two buffers, there is more amount of full length product when using buffer for GC rich templates (lane 8) than improving the fidelity of the enzyme (lane 4). The use of appropriate buffer will depend on the complexity of DNA library and specific downstream application. Finally, not all PCR primers (25 bp) are consumed in the emPCR (lane 2, 4). This indicates that there are still some droplets that are empty, despite adjusting template concentration to get 1 template per droplet. This is due to the fact that the dye used to quantify concentration of oligonucleotide library in method above binds to any non-specific products, giving a false higher concentration. Finally, the amount and distribution of non-specific smear band during conventional PCR depends on the composition of the DNA library. DNA libraries with highly similar sequences show more amount of non-specific product both above and below the desired DNA band. Similar to all PCR reactions, emulsion PCR reaction has to be optimized with regards to annealing temperature and magnesium chloride concentration to only get desired product size.  
Importance of 1 template per droplet 
In our lab, we have shown that increasing the template concentration has undesirable effects on the DNA library composition. Here, a DNA library containing only mutant sequences of wild –type (WT) protein (no wild-type sequence), when amplified using 40 ng of template (roughly 3 - 4  templates / droplet) by emulsion 
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PCR, followed by cloning in E.coli and antibiotic selection, upon sequencing gave roughly 57% WT clones. When the same library is amplified at lower template concentration (10 ng, 1 template / droplet), the number of WT clones sequenced were reduced to only 2.5%. [10].This demonstrates the requirement of < 1 template per droplet and power of emulsion PCR to reduce amplification artifacts.  
From oligonucleotide array probes to ssDNA library 
PCR amplification requires the presence of primer binding sites at each end of the oligonucleotides and will produce a double stranded amplicon. Both of these are undesirable for most other downstream applications [154-156]. The process to make ssDNA is shown in Figure 2-18.a. The microarray-derived DNA library obtained from the chip is processed through multiple steps to obtain high quality ssDNA as follows; i) quantification by real-time PCR standard curve, ii) emulsion PCR, iii) restriction digestion to remove primer binding sequence, and iv) lambda exonuclease digestion. Both PCR and restriction digest products are purified on commercially available silica-based spin columns.  Equal concentrations of the products are run on native acrylamide gel [Figure 2-18.b].  Here, 25 bp DNA ladder is run as size marker (lane 1, 6). Spin-column purified PCR amplicons (lane 2; 120 bp) are digested with restriction enzyme (MboII) to give two smaller DNA bands (lane 3; 90 bp and 25bp). The 100 bp dsDNA is the desired sequence-specific primer and 25 bp dsDNA is primer 1 [Figure 2-18.a].  Lane 4 shows hydrolysis of the digested products with lambda exonuclease to form ssDNA (95 bp), whose formation is confirmed by exonuclease I digestion (lane 5, blank). The ssDNA (lane 3, near 150 bp dsDNA band) runs slower than 120 bp dsDNA (lane 2, PCR product). This poses a challenge to purify the ssDNA from the gel. The need for purification is explained below.  
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Figure 2-18 Lambda exonuclease - Oligonucleotide library to ssDNA 
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There is some primer-dimer formation during PCR amplification (lane 2, 3; arrow) which become single-stranded (lane 4; arrow) and is subsequently removed by exonuclease I (lane 5; arrow). These short ssDNA fragments may take part in downstream applications and have to be removed. Attempts to remove them by optimizing PCR conditions or using spin-column purification steps after both PCR and restriction digest give variable results. To get a sharp cut off, such that there is no contamination from non-restriction enzyme digested PCR product and primer-dimers, the ssDNA library is purified on polyacrylamide gel. This results in > 50% loss of desired ssDNA.  During the course of multiple experiments, we observed that there is some non-restriction digested dsDNA and also the hydrolysis of 5’OH/5’P dsDNA gave highly variable amounts of ssDNA for digestion time >30 min, and for <30 min results in unconverted dsDNA. The experimental design is modified to differentiate between dsDNA and ssDNA products during gel purification and get more quantity of single-strand DNA.  The library is amplified by PCR such that the undesired strand has 5’phosphoryl group and desired strand has 5’-modification (5’-biotin or phosphorothioate backbone). This has two advantages; i) lambda exonuclease hydrolyze 5-phosphoryl strand of any non-restriction digested dsDNA to form ssDNA, and ii) the lambda exonuclease reaction can be performed for longer time period to completely hydrolyze the 5’phosphrylated strand of dsDNA without reducing ssDNA concentration. 
Quantification of ssDNA produced by lambda exonuclease method 
In a typical reaction, 200 μl of aqueous phase is mixed with 4 parts of oil-surfactant formulation to form emulsion for PCR amplification. This gives approximately 3.05*109 w/o droplets (average droplet diameter 5 μm) which 
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equates to approximately 5 fmol (0.005 pmol) of template to get 1 template per droplet. The average yield of emulsion PCR (30 cycles) is 50 pmol products. As the amount of ssDNA formed by lambda exonuclease method is directly one to one correlated to starting dsDNA concentration, we expect maximum 50 pmol of ssDNA. The final working concentration of ssDNA library after gel purification step is 14 pmol i.e. a recovery of 28%. The amount of single-strand DNA obtained is not enough to prime first strand cDNA synthesis discussed in Chapter 3.  Also, the amplification factor for emulsion PCR is 10,000 x which is 100- to 500- fold   less than conventional PCR  (typical amplification factor > million fold). A simple method to increase yields would be to increase the reagents concentrations and perform more number of PCR cycles; this is not feasible as beyond 35 cycles the emulsion begins to breakdown and there is formation of non-specific products. Also, during the course of our experiments we do not see much yield difference between 30 and 35 cycles of PCR and in general keep the reaction to 30 cycles to prevent formation of non-specific products. Another drawback of emulsion PCR is that the primary limiting reagent is the TAQ polymerase [146]. Increasing concentration of polymerase leads to formation of non-specific PCR products and we already use double the recommended enzyme concentration to increase yield. Thus, emulsion PCR is great technique to maintain the complexity of chip-derived oligonucleotide libraries during the PCR amplification step, but it has yield limitations.   
2.3.9 In vitro transcription and reverse transcription (IVT-RT)  
Another method to increase the amount of ssDNA is to transcribe the emulsion PCR products using T7 RNA polymerase. This has several advantages; i) T7 polymerase will copy each DNA template >1000 times, ii) it produces single-stranded RNA molecules, which display a different spectrum of sensitivity to 
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enzymatic or chemical reagents, iii)  RNA molecules can be copied back into DNA molecules by reverse transcription [157]. The experimental design is presented in Figure 2-19.a. PCR amplification of oligonucleotide library is done with T7 promoter forward primer and universal reverse primer (UP2) pair. T7 phage polymerase is used to transcribe the amplicons to form RNA library which is primed with sequence-specific primer containing a T7 promoter. The resultant cDNA library is hybridized with complementary Nb.BtsI (5’-GGGAGAAGTCACGCAGTG|NN- 3’; recognition sequence underlined) primer to remove 3’end PBS. Nb.BtsI only cuts the bottom strand (i.e. cDNA). The digestion products are purified on polyacrylamide gel to give ssDNA library. The design below shows an alternative method to purify the desired ssDNA from the cut primer binding sequence using biotin-streptavidin magnetic beads. The process remains the same except that the complementary Nb.BtsI (5’-biotin-GGGAGAAGTCACGCAGTG|NN- 3’; recognition sequence underlined) primer has 5’-biotin moiety. The design also shows the scheme to use T7 promoter at both ends; first to transcribe the dsDNA library and then to prepare ssDNA library with 5’ T7 promoter for downstream reactions. 
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Figure 2-19 Oligonucleotide library – IVT-RT method 
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 Figure 2-19.b shows the products of IVT-RT method (1% agarose gel). Lane 1, 8 are 100 bp ssRNA ladders. T7 RNA polymerase transcription of emulsion PCR product gives a sharp 95 nucleotide (nt) RNA band (lane 2, 9). The RNA is reverse transcribed to make 113 nt ssDNA copies (lane 4). Now, post reverse transcription there are excess RT primers (data not shown). Two methods are tried to remove these excess primers; i) exonuclease I hydrolysis of RT primers before RNA hydrolysis step, and ii) spin column purification of cDNA (~200 nt ssDNA cutoff threshold).  We observe that exonuclease I hydrolyzes some of the cDNA in the RNA:DNA hybrids (data not shown), while the purification on spin-column leads to loss of cDNA and gives inconsistent removal of RT primers. As both methods do not work well, the cDNA is purified on size-exclusion columns for buffer exchange. This step does not completely remove the RT primer.  For future investigation, two methods are compared to purify ssDNA after the removal of primer binding sequence with Nb.BtsI nicking endonuclease. Lane 6 shows formation to desired ssDNA (95 nt) after 4 rounds of purification on magnetic beads. Here, we see an unexpected band below the desired fragment. This band is not seen when another enzyme (Nb.BspQI) is used to cut the primer binding sequence (data not shown). Lane 10, shows the same ssDNA after PAGE purification. Purification of ssDNA with streptavidin magnetic beads helps recover more amount of ssDNA (60 – 65 % ssDNA recovered). This is a two-fold improvement over PAGE purification method which gives only ~30% ssDNA. Finally, lane 3 is alkaline hydrolysis of RNA product and lane 5 (113 nt ssDNA) and lane 7 (95 nt ssDNA) are exonucleolytic hydrolysis of cDNA to show formation of correct products.  
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Quantification of ssDNA produced by IVT-RT method 
In a typical reaction, in vitro transcription of 4 pmol of dsDNA produces approximately 3400 pmol ssRNA after purification (amplification factor ~850). The RT products are purified by size exclusion chromatography to give anywhere from 1700 – 2040 pmol of cDNA (50 - 60 % amount produced). After removal of 3’ end primer binding sequence and PAGE gel purification, the final concentration of ssDNA is anywhere between 475 pmol – 570 pmol. This is 30- to 38- fold more than the amount of ssDNA generated using lambda exonuclease method. 
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2.4 Conclusion 
In this chapter, we tested multiple methods to generate large quantities of single-stranded probes starting from synthesized oligonucleotides released from microarray.  Exponential amplification in femtoliter volume w/o emulsion reactors helps to preserve library complexity and overall abundance. Some of the parameters important to the success of emulsion PCR are i) size of template, and ii) template concentration. The knowledge of droplet size helps to determine the size of template that can be amplified and the number of emulsion droplets formed. The template size should be less than the droplet size for the DNA molecule to elongate during PCR amplification to get any products. Besides amplifying ssDNA libraries, we also demonstrated the amplification of fragmented genomic DNA by emulsion PCR. This is will prevent any PCR bias during sample preparation of fragmented genomic DNA for ‘next-generation’ sequencing.  From the droplet size and aqueous phase volume, one can calculate the number of droplets to get 1 template per droplet. There is formation of chimeric DNA molecules concentrations when there is greater than 1 template per droplet. On the other hand, too less a concentration significantly reduces the yield and waste reagents. A 10- fold decrease in template concentration (i.e. 0.1 templates per droplet) leads to 90% of droplets being empty. This is particularly true for microarray libraries, where truncated sequences without any of the primer binding sequences results in 30- to 100-fold higher absorbance readings. Thus, real-time PCR standard curve is used as a tool to determine the concentration of amplifiable DNA molecules in the oligonucleotide library.  
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Two methods are used to convert dsDNA to get ssDNA molecules. The first method uses lambda exonuclease to preferentially hydrolyze 5’ phosphorylated DNA strand in one-step process. Lambda exonuclease is able to digest >85% dsDNA to ssDNA within the first 10 min of the reaction. The digestion of 5’-hydroxylated strand is minimized by adding protective groups such as 5’-biotin or a phosphorothioate backbone. This method is good to prepare 5’-fluorescent probes for hybridization-based assays in short period of time (< 2h). However, when used to convert emulsion PCR products, it does not produce enough of ssDNA for priming reactions. In the second method, the emulsion PCR amplicons are transcribed to produce >850-fold RNA, followed by reverse transcription to get ssDNA.  Here, the ssDNA produced is not limited by emulsion PCR product concentration. One emulsion PCR gives enough material to perform 12 IVT reactions (4 pmol per reaction), which has the potential to produce anywhere from 5700 – 6800 pmol of single-strand DNA. This is ~ 400 times greater than emulsion PCR – lambda exonuclease method to produce ssDNA.  Now, 5700 – 6800 pmol quantity of ssDNA is obtained after PAGE purification. The use of streptavidin-coated magnetic beads to remove primer binding will result in 10400 – 13600 pmol of ssDNA (i.e. 10400 pmol x 330 g/mol x 95 nt = 326 µg).     Two approaches are used to remove the 3’ end PBS blocking the user (gene-specific sequence). Both approaches use type II restriction enzymes that cut outside their recognition sequence, but differ on their preference of template. i.e. dsDNA or ssDNA. For double-stranded templates, the 3’end PBS is first removed followed by hydrolysis of undesired strand, whereas for single-stranded templates, the 3’ end PBS is hybridized with a complementary sequence, followed by removal with nicking endonuclease. 
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In conclusion, we have developed and validated a robust process to make large-quantities of high-quality single-stranded DNA starting from chip-derived oligonucleotide library.   
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CHAPTER 3 
 
 
 
PRIMING REVERSE TRANSCRIPTION WITH SEQUENCE-SPECIFIC PRIMER 
LIBRARIES 
 
3.1 Introduction 
Reverse transcription mediated by reverse transcriptase enzyme is the cornerstone of molecular biology investigations as it catalyzes the synthesis of complementary DNA (cDNA) from messenger RNA (mRNA). [158, 159]. Three different strategies are used to prime cDNA synthesis; i) oligo(dT), ii) random primers or iii) gene-specific primers. Each of the methods differs significantly with respect to target specificity, capture sensitivity, transcript coverage, and cDNA yield. Many factors are taken into account before selecting particular primer. They are size (1 -100 cells) and quality (degraded RNA) of the sample [160-162], representative amount of genes in the sample (i.e. low abundance or rare mRNA), and the amount of background RNA i.e. total RNA [163].  
Oligo(dT) primers  are DNA fragments containing multiple thymidine residues only. For eukaryotic organisms, they are used to reverse transcribe polyadenylated mRNA molecules within the total RNA population. Their specificity is increased by addition of one or two extra nucleotides at 3’ end, as they anneal to the 5’ end of the poly(A) at the junction with mRNA limiting the portion of poly(A) tail reverse transcribed [164]. However, as they always initiate reverse 
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transcription at the 3´ end of the transcript, any RNA secondary structure may lead to incomplete cDNA synthesis and poor representation of 5’ end (3’ bias) [165]. Another drawback of oligo(dT) primers is that they prime at internal stretches of A residues in the mRNA resulting in further synthesis of 3’-end truncated cDNA products [166], though the substitution of some of the thymidine residues of oligo(dT) primer with base analog 3-nitropyrrole has been shown to decrease the frequency of false priming [167]. Now, there is a significant portion of transcripts that have no poly(A) tail (e.g. histones or viral RNA) or have shortened poly(A) tails [168], while other transcripts are found in both poly(A)+ and poly(A)- forms within the population [169]. Use of oliog(dT) primers alone for detection or expression analysis off these RNA will give irreproducible error results. Oligo(dT) primer cannot be used when dealing with fragmented RNA samples, such as those derived from formalin-fixed paraffin-embedded (FFPE) tissue specimens [165].  
Random primers For RNA lacking poly-A tail, the reverse transcription is usually primed with short random oligonucleotides (usually 6 to 9-mer) or with oligo(dT)n after adding a poly-A tail in vitro to the RNA with a poly-A polymerase. Unlike oligo(dT) priming method, random primers initiate cDNA synthesis at multiple points in the RNA template to produce more than one cDNA transcript per original target. Random primers are used when high yields of cDNA are required and for low quality RNA samples. Also they are not affected by RNA secondary structure. The major inconvenience of using random primers is that they also prime reverse transcription on other types of RNA like ribosomal and tRNA which represent more than 90% of the total RNA, and may not detect rare mRNA transcripts. Second, random hexamers (6 bases) show a 19- fold increase in the amount of RNA calculated compared to sequence-specific primer [170] and over-represent the 5’ end of transcripts. The latter effect has been reduced to some 
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degree by using pentadecamer random primers [171]. Finally, the ratio of random primers to mRNA concentration has to be optimized to prevent formation short cDNA molecules [157]. 
Gene-specific primers anneal to complementary regions of the target mRNA with high specificity and give accurate mRNA quantification [170]. They allow better discrimination between closely related gene sequences by having the 3’end of the oligonucleotide targeting sequences non-conserved between genes since only primers perfectly hybridized at their 3’end can be extended during RT. They can be used for applications such as; i) target specific transcripts in complex mixtures, like viral or bacterial RNA contaminated by host cell RNA [16], ii) identify and map exon-exon junctions and splice variants [172, 173], iii) detect rare or low abundance transcripts [174], and iv)  for quantitative RT-PCR analysis. One drawback of gene-specific primer requires a new cDNA synthesis reaction for each gene studied, making them less than optimal for processing limited samples.  
3.1.1 Sequence-specific primer libraries for reverse transcription 
The emergence of next-generation sequencing, especially massively parallel complementary DNA (cDNA) sequencing (RNA-seq) is poised to make valuable impact across biosciences. Some applications of RNA-seq include de novo sequencing, targeted sequencing, gene expression analysis, and simultaneous analysis of transcripts from multiple cells, tissues or organisms. Unlike DNA microarrays, RNA-seq technology has the potential to give absolute quantification of transcript levels. It does not suffer from hybridization related array issues such poor detection sensitivity of low abundance transcripts, inability to differentiate between closely related sequences, and variable target-probe hybridization efficiency [175]. 
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As the sequence of transcript is read during RNA-seq, it can accurately detect transcript isoforms, gene fusions, and map exon junctions [175, 176].  Current methods to prepare RNA samples for ‘next-generation’ sequencing (NGS) have lots of intermediary steps before the sample is ready to go on the sequencing machine  [177]. These introduce bias in the transcript level leading to misinterpretation of data. Biases can be introduced at RNA enrichment and fragmentation, adaptor ligation, PCR amplification and size-selection gel purification steps [177-180]. The priming of first reverse transcription reaction is usually done with oligo(dT) and random primers, and is shown to give 3’ or 5’transcript coverage bias [177, 181].  The motivation of using a library of sequence-specific primers for reverse transcription is to give accurate RNA quantification and improve the detection sensitivity. The use of sequence-specific primers tagged with forward sequencing primer does not require pre-reverse transcription sample preparation steps (mRNA enrichment and fragmentation, polyadenylation or adaptor ligation). Post reverse transcription, random nonamer (N9) with upstream reverse sequencing primer can be used to synthesize second strand cDNA followed by direct sequencing with ‘next-generation’ sequencing platforms. The advantage of using sequence-specific primers is that it can be used to target subsets of RNA (e.g. metabolic pathway, rare mRNA, mRNA splice variants) across large number of samples [182].  This is achieved by incorporating identification tags (barcodes) for each sample (or target). It has been proposed to design the tags using hamming codes to identify and correct sequencing errors [183].  
 88  
3.1.2 Background 
The presence of reverse transcriptase was reported in 1970, whereby certain viruses replicated their genomes via a DNA intermediate [135, 136]. Retroviral RT enzyme has three basic enzymatic activities; i) reverse transcriptase – synthesis of DNA from an RNA template, ii) DNA polymerase – synthesis of DNA from an DNA template and iii) RNase H activity – digestion of the RNA strand from an RNA:DNA hybrid to leave ssDNA [184]. In case of retroviral genome replication, a transfer RNA (tRNA) primer associated with viral genome is extended to initiate minus-strand DNA synthesis [185, 186], while plus-strand DNA synthesis is initiated from an RNase H-resistant polypurine tract of genomic RNA that remains tightly bound to the newly synthesized minus-strand DNA [187, 188]. Retroviruses have played a big part in the shaping of extant genomes of complex organisms [189, 190]. 
Catalytic properties of reverse transcriptase  
In molecular biology, reverse transcriptases are used to create cDNA libraries from mRNA, and along with other enzymes, allow cloning, sequencing, gene expression analysis and characterization of RNA [191]. Commercially available reverse transcriptases are derived from avian myeloblastosis virus (AMV), moloney murine leukemia virus (MMLV), and human immunodeficiency virus reverse transcriptase (HIV) either by purification from the virus or expressing them in E.Coli. 
DNA polymerase activity - Unlike other DNA polymerases, the RT enzyme can use either RNA or DNA to prime DNA synthesis from an RNA or DNA template [192, 193]. The RNA-dependent DNA polymerase activity (RdDp) is required for synthesis cDNA while the DNA-dependent DNA polymerase activity (DdDp) enables synthesis of dsDNA [194-197]. There exists a high degree of overlap between the 
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two catalytic domains i.e. the two activities are inseparable and may share a common active site [157, 198, 199] . 
RNase H activity - is required for three distinct steps during reverse transcription; i) generation of the plus strand RNA primer, ii) removal of the plus and minus strand primers from the nascent DNA strands, and iii) degradation of the RNA genome following minus strand DNA synthesis to make the DNA template accessible for plus strand synthesis [200, 201]. RNase H activity is independent of the polymerase activity. During the initiation step of cDNA synthesis, binding of DNA primer to mRNA leads to competition between primer extension (polymerase) and RNA degradation (RNase H) functions of RT [157]. This limits the maximum number of priming events and cDNA yield [202]. Further, the presence of degradative activity is responsible for decreased efficiency in synthesis of long or full length cDNA [188, 203]. Commercially available, RT enzymes (e.g. MMLV) are mutated to be devoid of RNase H- activity (MMLV H-), while maintain their polymerase activity to improve the efficiency of cDNA synthesis [204].  
Template-switching or retroviral recombination activity is exhibited by RT enzymes whereby during cDNA (minus-strand) synthesis the enzyme jumps from one template to another leading to formation of chimeric cDNA molecules [205, 206]. The rate of retroviral minus-strand recombination is reported to be 20% [207, 208] and is highly dependent on two linked factors; i) temperature, and ii) RNA secondary structure – reduces with increase in temperature. The presence of intrinsic secondary structures in the RNA templates leads to pausing of the enzyme=nascent cDNA complex [209]. This has two negative effects; i) more degradation of RNA template due to RNase H activity resulting in formation of truncated cDNA [210], and ii) increased probability of mutations at pause sites [211]. Also, stoppage of RT at pause sites leads to dissociation of the enzyme-
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nascent cDNA complex from the RNA template and increases the probability of it being transferred to other homologous template strands to synthesize chimeric cDNA  [212-214].  
Terminal nucleotidyl transferase-like activity (TdT) - RT enzymes adds a few extra non-template nucleotides beyond the 5’ termini of both DNA and RNA templates [215, 216]. More than 30% of molecules have one to four extra nucleotides added beyond the template termini.  The TdT activity is undesirable as it adds mutations to the nascent cDNA during the strand transfer process  [217]. During in vitro reactions, the enzyme exhibits temperature and time dependent TdT-like activity specific to either the DNA or RNA strand of double-stranded substrates with preference for addition of purine nucleotides (dA > dG >> dT ≥ dC) [218]. 
3.1.3 Insights from reverse transcription-polymerase chain reaction (RT-PCR) 
In vitro reverse transcription - polymerase chain reaction (RT-PCR) is the gold standard for detecting low and medium abundance mRNA over a wide dynamic range. It has permeated many area of research such as clinical diagnostics, food safety, biodefense, gene expression analysis to name a few. Besides the uncertainty associated with PCR step, It has also been observed that  RT step is highly uncertain as it introduces errors resulting from RNA secondary and tertiary structure, priming strategy,  abundance of gene detected, and the properties of reverse transcriptase [219-224].   The RT enzyme lacks 3’ – 5’ exonuclease proof reading ability leading to error prone DNA synthesis. These errors are then amplified exponentially during PCR. Amongst the three RT enzymes, HIV exhibits the highest error rate with  misincorporation frequency of 1 in 6,900 on RNA template and 1 in 5,900 on DNA 
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template making it unsuitable for molecular biology applications [225, 226]. The misincorporation frequency of MMLV and AMV RT on DNA template is 1 in 29,000 and 1 in 17,000 respectively [225, 227]. Now, MMLV and MMLV RNase H- show similar misincorporation frequency on RNA templates of 1 in 37,000 [204, 225]. Recently, there is one commercially available RNase H- deficient MMLV RT mutant that has been engineered with error rate as low as 1.6 x 10-5/base (i.e. misincorporation frequency of 1 in 62000).  RT enzymes do not have strand displacement activity and are unable to transcribe through secondary structure leading to formation of truncated cDNA. A number of methods have been reported to increase the processivity of RTs. These methods are based on either relaxation of the RNA template before starting the RT reaction (e.g. heat denaturation, pretreatment of RNA with methylmercury hydroxide, 1% DMSO) or carrying out the reaction at high temperature (above 45°C) in the presence of a stabilizer (e.g. trehalose) [228, 229]. Another method to improve cDNA yields particular at low temperature (37°C) is addition of accessory proteins (e.g. nucleic acid binding protein). The use of nucleic acid chaperones has been reported to increase the efficiency of HIV RT and commercially available superscript II MMLV H- RT, though they are not widely used in laboratory as their effect is highly variable with other commercial RNase H- RT [203].  Another drawback of reverse transcriptase, especially RNase H- mutants is that they inhibit PCR amplification. The enzyme remains bound to the RNA:DNA template making it inaccessible to any DNA polymerase and have to removed or denatured directly after the RT reaction to reduce inhibitory and/or nuclease activities [230-232]. Thermostable RTs create even more problems as they have increased heat resistant and retain their activity even after heat inactivation [221, 233]. One method that helps to minimize RT-PCR inhibition is the dilution of the 
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cDNA products, but imprecise result in imprecise quantification of low copy number templates [234].  The alkaline hydrolysis of RNA and subsequent phenol extraction has been shown to relieve RT enzyme inhibitory effects [223].  Finally, the sensitivity and reproducibility of many commercially available RT enzymes has been investigated with respect to RT-PCR based mRNA quantification. Most RT enzymes consistently detect medium and highly expressed genes. Their sensitivity to lowly expressed genes and rare transcripts  is highly variable and is dependent on many factors not limited to source of sample, integrity of RNA, concentration of other RNA (carrier molecules), gene detected, RT and PCR reaction buffers and conditions, addition of carrier proteins (T4 gene 32, RNase inhibitors) and purification method [221-224, 235]. Even across the enzymes that demonstrate high sensitivity there is variation with respect to reproducibility and overall amplification efficiency [223].              
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3.2 Experimental methods and protocols  
3.2.1 One round aRNA amplification with 5’-end dangling gene-specific primer 
TargetAmp 1 –round aRNA amplification kit (Epicenter Biotechnologies Inc.) is used according to manufacturer’s protocol to make aRNA starting from mRNA using gene-specific primer. Briefly, 4 pmol of ACT1 mRNA is primed with 10 pmol of 71 bp long primer (25 bp gene-specific sequence). The first strand cDNA synthesis is done at 55°C for 45 min (5 µl) followed by enzyme (superscript III) inactivation at 75°C for 15 min. Next, 5 µl of second strand cDNA synthesis enzyme mix is added to the first strand reaction. The reaction is done at 65°C for 10 min and the enzyme is inactivated at 80°C for 10 min. Excess unhybridized primers are removed by incubation with cDNA finishing solution (proprietary formulation) at 37°C for 1 h, followed by enzyme inactivation at 80°C for 10 min. 5 µl of double-stranded DNA is transcribed for 4 h at 42°C with T7 RNA polymerase (25 µl). The template DNA is degraded with 1 µl DNase I at 37°C for 15 min. The DNase I is inactivated with one round of 25:24:1 phenol: chloroform: isoamyl alcohol (PCIA), pH 4.7 extraction and after purification on column (RNeasy), the RNA is eluted in 50 µl nuclease water. 10 µl aliquot of aRNA is degraded with 0.43 M sodium hydroxide (65°C for 15 min). Also, 0.5 µl aliquot of first strand cDNA is amplified with 0.5 µM forward and reverse primers by 20 cycles of PCR (20 µl). 
3.2.2 Removal of excess sequence-specific primers 
Silica-based filter spin column purification 
The protocol outlined above is used to test the removal of double-strand long primer with one modification, that is, the second strand cDNA synthesis reaction is 
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cleaned up on silica-based spin chromatography columns (PCR QiaQuick purification kit, Qiagen Inc.)  
Selective digestion of single-strand DNA 
2 pmol of ssDNA (66 bp) is digested with different concentrations of exonuclease I (20 U, 40 U; Epicenter Biotechnologies Inc.) and single strand binding (SSB) protein (0, 0.2, 4 and 6 µg/µl; Epicenter Biotechnologies Inc.). The reaction (50 µl) is done at 37°C for 1 h, followed by enzyme inactivation at 80°C for 15 min. The amount of undigested ssDNA is detected by real time PCR. 5 µl of exonuclease reaction product is amplified by real-time PCR (50 µl), followed by melt curve analysis.  
Size-dependent fractionation of DNA on magnetic beads  
1 µg of 100 bp DNA ladder (New England Biolabs) is fractionated with magnetic carboxylate beads (Agencourt AMpureXP bead technology) in solution containing 1.25 M sodium chloride and different concentrations of PEG 8000 (7 % - 11 %, 13 %). 10 µl of DNA ladder is mixed by pipetting (10 times) with  1.8 x volume (18  µl) of beads. The precipitation is carried out at room temperature (~25°C) for 10 min under constant shaking. The bead bound and unbound fractions are separated by placing the tubes on magnetic beads.  The solution is aspirated to remove the unbound fraction. The beads are washed twice with 2x volume of freshly prepared 70 % ethanol. The remaining alcohol is evaporated by heating at 37°C for 2 – 5 min. The bound fraction is eluted from magnetic beads with Tris-HCl (pH 8.0) buffer and transferred to a new 1.6 ml tube.  Next, the 100 bp DNA ladder is suspended in 10 µl first strand synthesis buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 3 µg actinomycin D) 
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and fractionated with carboxylate beads. The fractionation is performed in six independent solutions with different concentrations of sodium chloride (0.9 M and 1.25 M) and PEG 8000 (9.5 %, 10 % and 10.5 %). 
3.2.3 Optimize RT conditions when using sequence-specific primers 
Effect of hybridization temperature on reverse transcription 
0.26 fmol of Gal 7 RNA is reverse transcribed using 100x excess long primers (1.3 fmol). Transcript capture followed by reverse transcription is performed at 4 different temperatures (37°C, 45°C, 50°C and 55°C). The target-primer hybridization is performed in 300 mM NaCl concentration for 30 min (10 µl) followed by doubing of reaction volume with first strand cDNA buffer solution (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 0.5 mM deoxynucleotides, 200 U superscript III) and incubated for 90 min. The enzyme is inactivated at 75°C for 15 min. 5 µl of first strand cDNA is amplified by 30 cycles of real-time PCR (50 µl), followed by melt curve analysis. 
Effect of primer concentration on reverse transcription 
0.26 fmol of Gal 7 RNA is reverse transcribed with 500x to 0.5x excess long primers (dilution factor 10). Transcript capture is done in 300 mM MgCl2 buffer solution containing 20 U RNase inhibitor at 45°C for 1 h (5µl) followed by doubing of reaction volume with first strand cDNA buffer solution (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 0.5 mM deoxynucleotides, 100 U superscript III) and incubated for 60  min. The enzyme is inactivated at 75°C for 15 min. 5 µl of first strand cDNA is amplified by 35 cycles of real-time PCR (50 µl), followed by melt curve analysis. The first two cycles are done at primer annealing temperature of Tm - 10°C. 
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3.2.4 Detect differential expression of transcripts with sequence-specific primers 
Reverse transcription with mouse sequence specific primers 
15 µg of mouse testicle total RNA (Ambion Inc.) and yeast galactose total RNA is hybridized with 50 pmol of mouse sequence-specific primers in nuclease free water containing amino-allyl dUTP. The hybridization solution (12 µl) is heated at 65°C for 5 min, and slowly cooled (-0.05°C/min) down to 37°C.  Next, first strand synthesis buffers and superscript III enzyme is added and the reaction (20 µl) is incubated over 2 h at 37°C (0.5 h), 45°C (0.5 h) and 50°C (1 h) respectively. The reaction is heated at 95°C for 5 min and immediately put on ice (2 min) to denature the RNA|cDNA hybrids and inactive reverse transcriptase. 0.43 M sodium hydroxide is added to degrade the RNA at 65°C for 5 min. The solution is neutralized with 0.43 M HCl. The reaction volume is bought to 100 µl to which are added 0.3M sodium acetate and 2.5 volume 100% ethanol for DNA precipitation. The amino-allyl cDNA (aa-cDNA) is labeled with alexafluor dye in the dark at room temperature following manufacturer’s protocol (Invitrogen Inc.). The labeled cDNA products are not purified from unbound dye to prevent loss of labeled cDNA. The cDNA products are dynamically hybridized to oligonucleotide microarrays (5k probes) in hybridization oven for 20 h at 35°C (2 – 3 rpm rotational speed). The hybridization is done in 6x SSPE buffer (0.9 M NaCl), 0.1 µg/µl acetylated BSA, 0.1 µg/µl herring sperm DNA, 0.01 % Tween 20 and 15 % formamide solution (50 µl) using agilent gasket slides and hybridization chamber. Post hybridization the arrays are washed at room temperature with non-stringent (1x SSPE; two successive washes) and stringent (0.25x SSPE, one wash) buffers for 3 min each. The slide is briefly dipped in water to remove salts, spun dried for 10 s and scanned with Axon 4000B Fenepix scanner (Molecular devices Inc). The data is extracted using Genepix pro 4.0. software provided with the scanner. 
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Reverse transcription of single-strand DNA 
Nuclease free water is substituted for total RNA in first strand cDNA synthesis reactions performed at three different temperatures (37°C, 45°C and 50°C) using the protocol above with few modifications, namely i) the aa-cDNA is purified with silica-based spin columns (Marligen Biosciences), ii) the 45°C cDNA column fractions are run on acrylamide gel and iii) the 50°C cDNA fractions are detected on oligonucleotide arrays.  10 pmol of single-stranded sequence specific primers are hydrolyzed with exonuclease I at 37°C (20 U enzyme) and 50°C (40 U enzyme) for 3 h (10 µl) and run with 45°C cDNA column fractions and 25 bp DNA ladder on 6 % denaturing acrylamide gel. The gel is run for 4 h at 120 V. The top plate is removed; the gel is gently washed with water and stained on bottom plate with 10x SYBR Gold (Invitrogen Inc.) in 10 ml Tris-HCl buffer for 20 min. The gel is visualized on UV illuminator and photographed with camera (orange filter). 
3.2.5 Activity of reverse transcriptase in Actinomycin D 
26 fmol of Gal7 transcript is hybridized with 10x long primer (Gal7_30bp_P4) in 0.3 M sodium phosphate buffer and 10 U of RNase inhibitor. The reaction (10 µl) is initially denatured at 65°C for 5 min, followed by 30 min incubation at 45°C and 5 min at 37°C. 5 µl aliquots of reaction are used for first strand cDNA synthesis with superscript II (200 U) in 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2 buffer solution (20 µl) at 37°C for 2 h. The concentration of actinomycin D is varied from 0, 10, 50 – 3200 ng/µl (doubled after 50 ng/µl). Actinomycin D is removed by extraction with PCIA (pH 8.0). The cDNA is precipitated and the pellet suspended in 10 µl of nuclease free water.  5 µl of cDNA is amplified by real-time PCR (25 µl). 1/10th volume of amplicons (150 bp) are run on 1 % agarose gel for 45 min at 90 V.  
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Microarray study: Actinomycin D induced inhibition of DNA dependent DNA polymerase activity of reverse transcriptase 
80 µg of yeast galactose total RNA is hybridized with 2 pmol of sequence-specific primer library (~4800 primers, 0.26 x excess primer). 20 µl of hybridization solution consists of 200 mM NaCl and 40 U Superase-In. The RNA is denatured at 65°C for 5 min, followed by target capture at 50°C for 60 min. The hybridization solution is equally split into 4 separate reactions. 3 of the aliquots (5 µl) are used directly for reverse transcription. The RT is done with superscript III enzyme in 20 µl volume in 1x first strand buffer,  10 mM DTT, 40 U RNasin inhibitor, 1x amino-allyl dUTP (0.5 mM of dA, dC,dG; 0.3 mM dT; 0.2 mM aa-dUTP) and 200 U superscript III for 90 min at 50°C. For reactions with actinomycin, 300 ng/µl ActD is added to the RT solution. After 90 min, the  RT solution is added to directly to solution (30 µl) containing  40 U exonuclease I, 10 µg SSB protein, 40 U RNasin in 1x exonuclease I buffer (Epicentre biotechnologies Inc.) and incubated at 45°C for 60 min. The reaction is heated at 95°C for 5 min and immediately put on ice (2 min) to denature the RNA|cDNA hybrids and inactive reverse transcriptase. 0.43 M sodium hydroxide is added to degrade the RNA at 65°C for 5 min. The solution is neutralized with 0.43 M HCl. The reaction volume is bought to 100 µl to which are added 0.3M sodium acetate and 2.5 volume 100% ethanol for DNA precipitation. The cDNA pellet is suspended in 6 µl nuclease free water. 1 µl is used to detect GAL 1 gene by real-time PCR and the rest is labeled with alexafluor dye (AF555, Invitrogen Inc.) for detection on microarray.  
PCR study: Actinomycin D effect on DNA dependent DNA polymerase activity of reverse transcriptase  
20 µg of yeast glucose and galactose total RNA is hybridized with 0.5 pmol of yeast sequence-specific primers in solution containing 0.3 M NaCl and 10 U RNase 
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inhibitor (5 µl). The hybridization solution is heated at 65°C for 5 min, and cooled down to 45°C and incubated for 3 h, followed by brief incubation at 37°C for 20 min.  Next, 40 U exonuclease I and 10 µg SSB protein is added to the reaction to hydrolyze unhybridized long primers in 67 mM glycine-KOH, 6.7 mM MgCl2, 10 mM 2-mercaptoethanol buffer solution for 60 min (50 µl). For 45°C exonuclease digestion reaction, the 37°C hybridization step is omitted.   0.5 M NaCl is added to the solution and exonuclease is inactivated with PCIA, pH 8.0 extraction. Post precipitation, the RNA: long primer hybrids are suspended in 10 µl Tris-HCl, pH 8.0. To this we add 10 µl of first strand synthesis solution (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2 and 10 mM DTT) containing 6 µg actinomycin D and 0.5 mM dNTP. The reaction is incubated at 37°C for 1.5 h, followed by PCIA, pH 8.0 extraction (to remove actinomycin D) and nucleic acid precipitation. The cDNA pellet is suspended in 25 µl nuclease free water. Ten genes are detected by 35 cycles of real-time PCR with 0.25 µM unique forward primer and universal reverse primer. 2 µl of cDNA is used of each individual 25 µl reaction. 1/4th volume of amplicons are run on 1 % agarose gel for 45 min at 90 V. 
3.2.6 Two step process to remove excess long primers  
Step 1 - 100 fmol of single-stranded DNA (82 bp) is digested with 40 U exonuclease I and 5 µg SSB protein in 1x exonuclease I (67 mM glycine-KOH, 6.7 mM MgCl2, 10 mM 2-mercaptoethanol), 1x cDNA synthesis (50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2), 10 mM DTT and 6 µg actinomycin D at 45°C for 60 min (50 µl). The enzyme is inactivated at 80°C for 15 min. 1/10th volume of the reaction is amplified by 35 cycles of real-time PCR (25µl). 
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Step 2 - The original buffer (1.25 M NaCl, 13 % PEG 8000) of magnetic carboxylate beads (Agencourt AMPureXP bead technology) is replaced with different buffers with constant 1.25 M sodium chloride and varying percent PEG 8000 concentration. The beads are separated on magnet stand and the original buffer is aspirated to replace with the new buffer. This step is performed twice. PCR amplicons of genes GAL1 (450 bp), GAL2 (554 bp) and XDJ1 (402 bp) are mixed together and suspended in 1x first strand cDNA buffer, 10 mM DTT and 0.1 M sodium phosphate buffer (10 µl). The amplicons are added to the 1.8x volume (18 µl) beads and DNA is precipitated at 4°C for 10 min. The bead bound and unbound fractions are separated by placing the tubes on magnetic beads.  The solution is aspirated to remove the unbound fraction. The beads are washed twice with 2x volume of freshly prepared 70 % ethanol. The remaining alcohol is evaporated by heating at 37°C for 2 – 5 min. The bound fraction is eluted from magnetic beads with 10 µl Tris-HCl, pH 8.0 and transferred to a new 1.6 ml tube. The products are run on 1.2 % agarose gel for 45 min at 90 V. 
3.2.7 Reverse transcription with sequence-specific long primer library 
0.5 pmol of yeast sequence specific long primer library (approx. 4800 primer) is annealed to 500 ng of yeast total RNA (glucose and galactose) in solution containing 300 mM NaCl, 20 mM sodium phosphate and 10 U superase-in (RNase inhibitor). The reaction is heated at 65°C for 5 min to denature RNA secondary structure, cooled down and incubated at 45°C for 12 h. 5 µl of hybridization solution is added to 10 µl of reverse transcriptase enzyme cocktail mix containing 1x first strand buffer, 10 mM DTT, 10 U superase-in, 0.5 mM dNTP, 300 ng/μl actinomycin D, and 150 U superscript III.  First strand cDNA synthesis is incubated at 45°C for 0.5 h and then 50°C for 1 h. Next, 10 µl of exonuclease reaction mix (2.5 µl of 10x 
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exonuclease I buffer, 10 U superase-in,  4 µg SSB protein and 40 U exonuclease I) is added to reaction (total volume 25 µl) and incubated at 45°C for 30 min. The RNA:DNA hybrids and excess long primers are fractionated with 1.8x vol AMPure beads in 1.25 M NaCl, 10 % or 11 % PEG 8000 solution. The hybrid products are eluted with 10 µl Tris-HCl, pH 8.0, of which 0.5 μl per gene is used for PCR detection. 
3.2.8 Saccharomyces cerevisiae growth conditions and total RNA extraction 
Saccharomyces cerevisiae strain W303 is grown in 2 % glucose and 2% galactose rich media at 30°C under constant shaking 300 rpm. The cells are harvested between OD600 0.4 – 0.6 and total RNA is extracted using hot phenol total RNA extraction protocol [236]. The RNA concentration is quantified on nanodrop spectrophotometer. Any genomic DNA in the samples is digested with 0.2 U TurboDNase (Ambion Inc.) per 10 µg RNA at 37°C for 15 min. The DNase enzyme is inactivated with proprietary DNase inactivation slurry supplied with the kit (Ambion Inc.). 1 µg of total RNA before and after DNase I digestion is run on 0.8 % agarose gel to test for RNA integrity.  
3.2.9 Polymerase chain reaction (PCR) 
In general, 50 µl of PCR reaction mix consists of 0.5 µM forward primer, 0.5 µm reverse primer, 0.2mM dNTP, 2.5 mM MgCl2 and 2.5 U GoTaq flexi polymerase in 1x concentration of proprietary buffer (Promega In.) PCR amplification is done in Mastercycler ep gradient S (Eppendorf Inc.). The amplification program consists of 30 cycles as follows: initial dsDNA denaturation at 94°C for 2 min; 30 cycles of dsDNA denaturation (Td) at 95°C for 20 s, primer annealing (Ta) at  Tm-5°C for 30 s, primer extension (Te) at 72°C  for 30 s; final elongation at 72°C for 5 min. 
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3.2.10 Real-time PCR  and Melt Curve 
In general, 25 µl of PCR reaction mix consists of 0.25 µM forward primer, 0.25 µm reverse primer, 0.2mM dNTP, 2 µM SYTO 13 dye, 2.5 mM MgCl2 and 2.5 U GoTaq flexi polymerase in 1x concentration of proprietary buffer (Promega In.) PCR amplification is done in Chromo4-PTC 200 DNA engine (MJ Research Inc.). The amplification program consists of 30 cycles as follows: initial dsDNA denaturation at 94°C for 2 min; 30 cycles of dsDNA denaturation (Td) at 95°C for 10 s, primer annealing (Ta) at  Tm-5°C for 20 s, primer extension (Te) at 72°C  for 20 s; final elongation at 72°C for 5 min.  
3.2.11 Microarray analysis 
The samples are hybridized on overnight (18 h) at 45°C in 6x SSPE buffer, 10 
% formamide, 0.01 μg/μl acetylated BSA and 0.01 % Tween 20 solution. The arrays are successively washed twice with non-stringent buffer (1x SSPE, room temperature and 45°C) and once with stringent buffer 0.25x SSPE (room temperature) for 3 min.  They are scanned with Axon 4000B scanner. The raw data of remaining arrays is processed to flag probes with high coefficient of variation (Std. deviation / Mean). The intensity of the flagged probes is replaced by the average intensities of replicate gene probes (5 replicate probes per gene). Variations in the multiple one-color arrays are removed using a two-step normalization procedure. First, the replicate arrays are normalized using quantile normalization (QNorm) algorithm such that they have absolutely identical distribution, based on the assumption that the cDNA populations hybridized to the arrays is the same. Second, global scaling normalization (Median scaled) is performed to adjust all arrays to an average baseline.  
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3.3 Experimental results and discussion 
3.3.1 Interpretation of real-time PCR plots. 
Amplification plot: For data analysis, the Cq value or threshold value between the exponential and linear phase of PCR is extracted using Opticon 3.0 software. Cq value gives the cycle number at which the fluorescence signal corresponding to dsDNA product is visible. The sooner fluorescence is visible, the more template is present, and vice versa.  
Melt curve: The melt curve shows the melting temperature of PCR product in the form of a peak. A single sharp peak represents PCR products of the same size, whereas multiple sharp peaks represent different size DNA. In general, one DNA size is amplified per real-time PCR tube. Thus presence of multiple peaks represents formation of non-specific products.    
3.3.2 One round aRNA amplification with long gene-specific primers 
The reverse transcription of mRNA into cDNA is usually primed with either short random primers or (dT)n oligonucleotides. In the case these cDNA have to be transcribed into aRNA, a promoter sequence is fused at the 5’ end of the primer (only to oligo(dT) primers). Usually, this sequence is a 19-mer corresponding to the binding site of the T7 phage polymerase. During reverse transcription, this short promoter sequence is dangling at the extremity with little, if no effect on the hybridization of the 3’ends of the primer to its target and the yield of aRNA during in vitro transcription reaction. We investigated if a significantly larger dangling sequence can be safely used for one round aRNA amplification. 
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In order to fully control all parameters during one round RNA amplification, we produced a 0.78 kb long PCR amplicon of S. Cerevisiae actin gene (ACT1 – YFL039C) with T7 promoter sequence at the 5’-end of leading DNA strand. The PCR amplicon is transcribed to RNA followed by DNase digestion of template DNA, phenol: chloroform extraction and spin column purification of RNA. Next, we designed a long oligonucleotide (71-mer) made of the following sub-units; 26-mer T7 promoter sequence at the 5’-end (italic), 20-mer random sequence (underlined) and a 25-mer sequence complementary to the in vitro transcribed RNA (bold) (5’-TAATACGACTCACTATAGGGAGCAGACTGAAGCTTACCTAGCTGTTTAAACTGACTTGACCATCTGGAAGT-3’). When hybridized to the RNA molecules, the oligonucleotides has 51 nucleotides dangling at its 5’end.               
Figure 3-1 cDNA synthesis with sequence-specific primers 1 
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When the long primer is used for priming the reverse transcription reaction [Figure 3-1.a], we obtain cDNA (800 bp marker) with expected size (lane 1, 2). When one of the main reagents (long primers, RNA) is omitted as a negative control, we do not observe any cDNA (lane 3 – 5). From, Figure 3-1.b. the primers become double-stranded on addition of 2nd strand DNA polymerase irrespective of whether there is RNA in the reaction tube (lane 1 – mRNA present and lane 3 – minus RNA). There are no duplex primers when second strand synthesis polymerase (lane 2, 4) or primers (lane 5) are omitted as negative controls.    
Figure 3-2 cDNA synthesis with sequence-specific primers 2 
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An aliquot of 2nd strand reaction is used to transcribe aRNA [Figure 3-2.a.] RNA ladder (lane A), template RNA (780 bp, lane B, top arrow) and long primer (71 bp, lane C, bottom arrow) are run as size markers. There is amplification of ACT1 mRNA (lane 1, RNA smear around 600 – 800 bp, top arrow) as well as amplification of undesired short RNA molecules (lane 1, bottom arrow). The yield of desired full length RNA is much lower than short RNA fragments transcribed from duplex primers (lane 1). This is due to high turnover rate of the T7 polymerase on the shorter ds-primer template. There is no IVT in negative second strand synthesis (lane 5, 7) and minus-primer (lane 8) controls.  Formation of aRNA is confirmed by degradation with sodium hydroxide as shown in Figure 3-2.b. This experiment demonstrates, i) the feasibility of using primers with significantly long 5’ dangling ends to initiate the reverse transcription of RNA molecules, ii) duplexation of long primers in the absence of RNA during second strand DNA synthesis temperature, leading to transcription of short RNA molecules, and iii) the requirement of double-stranded DNA for successful T7 RNA polymerase IVT reaction.  
3.3.3 Removal of excess sequence-specific primers  
After reverse transcription reaction the excess sequence-specific primers have to be removed prior to IVT reaction to increase yield of desired RNA and most importantly eliminate detection of false positives by PCR, microarrays or ‘next-generation’ sequencing. Three possible methods to remove excess long primers are i) filter spin columns, ii) selective digestion of single-strand DNA and iii) bead-based purification. Each of the methods is discussed in detail under separate sub-headings 
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 Silica-based filter spin column purification 
Majority of silica-based filter spin columns available from manufacturer’s use chaotropic salts and alcohol to enhance and influence the binding of nucleic acids to silica membrane. The percent ethanol and the volume effect binding capacity, too much leads to binding of degraded nucleic acids and small species that influence UV260 readings and too little make it difficult to wash away all of the salt from the membrane.             
Figure 3-3 Spin column removal of double-stranded primer 
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We investigated the possibility of using these columns to remove ds-primer observed after second strand synthesis reaction when using one-round RNA amplification kit [Figure 3-3]. The gel is divided under two headings; i) T7-IVT and ii) 2nd strand synthesis. Lanes 1 – 4 in T7-IVT are the downstream products of lanes 1 – 4 of 2nd strand synthesis. 100bp ssRNA ladder (lane A), ACT1 mRNA (lane B, top arrow) and long primer (lane C, bottom arrow) are run as size markers. Similar to the previous gel, there is transcription ofAct1 mRNA (RNA smear, lane 1, 4, top arrow), with majority of short RNA molecules.    The 2nd strand synthesis products corresponding to lane 4 are purified on silica-based spin column prior to loading on gel.  The presence of dsDNA and short RNA molecules (lane 4) indicate that purification on spin column does not remove ds-primer (71bp). The DNA cutoff threshold of commercial purification kits is 100 bp for dsDNA and 200 bases for ssDNA.  The size-cutoff threshold can be changed by varying the chaotropic salts and alcohol mix ratio. This direction is not considered as cutoff threshold depends on the concentration of short dsDNA and spin-columns are optimized for PCR reactions where, the concentration of amplicons (usually > 200 bp) is much greater than unreacted primers and dNTPs. We have observed presence of PCR-primers even after spin-column purification (data not shown).    
Selective digestion of single-stranded DNA 
One possibility to remove excess long primers is to selectively digest them (ssDNA) with single-strand specific exonucleases after reverse transcription. The use of a sequence-specific primer with 5’ dangling tail, restrains the choice of single-strand exonuclease. The exonuclease should not degrade RNA:cDNA hybrids and have only 3’ – 5’ mode of action. Only exonuclease I meets these criteria.   
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Exonuclease I digestion of sequence-specific long primer  We investigated the amount of digestion achieved by exonuclease enzyme to digest ssDNA equivalent to the size of sequence-specific long primers (60 – 120 bp).  Also, the input concentration of ssDNA is kept the same as long primers in the RT reaction. 2 pmol of ssDNA (66 bp) is digested with exonuclease I, of which 1/10th volume is amplified by real-time PCR. The Cq or cutoff threshold value between the ‘no digestion’ negative control and digestion reactions is used to determine the digestion fold- factor. There is a difference of approx. 7.5 cycles between positive (Cq = 11.88 ± 0.07) and minus (Cq = 4.41 ± 0.01) exonuclease I reactions [Figure 3-4]. A higher Cq value indicates lower template starting concentration. Assuming PCR of efficiency of 95%, this gives 1.957.5 = 150 fold reduction in the concentration of single-stranded DNA upon exonuclease I digestion.   
Figure 3-4 Effect of SSB protein on amount of ssDNA digested 
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Effect of SSB protein concentration on exonucleolytic digestion of ssDNA Different additives namely, DMSO, bovine serum albumin (BSA), CaCl2 , ATP and single strand binding (SSB) protein are added to the exonuclease I reaction to increase amount of ssDNA degraded. Of these, only SSB protein showed some promise and is studied in more detail.  Once again 2 pmol of ssDNA (66 bp) is hydrolyzed at different concentrations of SSB protein and exonuclease I [Figure 3-4]. The amount of ssDNA digested remains unchanged at low concentrations of binding protein (0.2 µg) and progressively increases with increase in binding protein concentration. At 6 µg SSB concentration, there is a million fold digestion of ssDNA.  
 
Figure 3-5 Real-time PCR - Effect of SSB protein on amount of ssDNA digested 
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Real-time PCR amplification and melt curve plots are displayed to show amount of oligonucleotides digested and presence of correct size DNA [Figure 3-5]. From the melt curve, we see that even after million fold digestion, real-time PCR is able to detect low concentrations of ssDNA (approx. 0.26 nmol). This will confound interpretation of gene-expression data discussed in the upcoming sections. Similar experiments are performed on a longer template (115 bp). In this case the concentration of SSB protein has to be increased to 10 µg to get million fold digestion. This could be due to secondary structure or self-hybridization of DNA molecules, though none are found by upon structural analysis. SSB protein interacts with both exonuclease I and DNA molecules.  At excess concentrations of binding protein, there is a 3- fold increase in rate of digestion catalyzed by exonuclease I [237]. Also, SSB protein unwinds some of secondary structure in ssDNA and opens partially duplexed strands depending on length of ssDNA extension or size of ssDNA loop [238]. 
Size-dependent fractionation of DNA on magnetic beads 
Another method to remove excess long primers is to fractionate the DNA according to size. Although fractionation of nucleic acids on agarose or polyacrylamide gels gives sharp cut-off bands, the recovery of nucleic acids takes anywhere from 2 h (agarose gel) to >24 h (acrylamide gel) and with only 30 – 50 % yields [239]. Also, purification on gel is limited by the nucleic acid concentration required to visualize the DNA band. One method to precipitate DNA is to use polyethylene glycol (PEG). The size of DNA molecules precipitated depends on the molecular weight and concentration of PEG as well as the concentration of salt and incubation time [240, 241]. This method has been adapted to reversibly and non-specifically bind nucleic acids on carboxylated magnetic beads. The PEG and salt 
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(sodium chloride) concentration of the solution is adjusted to tune the size of DNA bound to the beads.  The beads with bound nucleic acids are separated from solution (unbound DNA fragments) and then eluted of the beads.  The unbound DNA fragments can be recovered by ethanol precipitation. Thus using different concentration of PEG, it is theoretically possible to get many size fractions of DNA.   
Figure 3-6 Size dependent fractionation - PEG concentration (1.25 M NaCl) 
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Commercially available, carboxylated magnetic bead kit (AMPure XP, Beckman Genomics Inc.) for DNA size fraction is studied to remove DNA less than 200 bp, that is, to remove long primers and capture cDNA (>200 bp).  The beads are supplied in buffer (13% PEG 8000, 1.25 M NaCl) rated to remove DNA less than 100 bp. To remove DNA < 200 bp, the PEG concentration of the buffer is reduced and then used for fractionation of 100 bp ladder (range 100 bp – 1500 bp, New England Biolabs) [Figure 3-6]. We observe that under room temperature (30°C) binding conditions, reducing the PEG concentration leads to progressive loss of smaller sized DNA strands. Upon quantification, the desired result is achieved with 10% PEG 8000 concentration, which has a large difference in amount of DNA recovered between 300 bp (> 95%) and 200 bp (approx. 20%). 
Figure 3-7 Size dependent fractionation PEG and NaCl concentration 
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 The size selection is fine-tuned by varying the % PEG concentration in steps of 0.5 % (range: 9.5 % - 10.5 %), at two different salt concentrations (0.9 M NaCl and 1.25 M NaCl) [Figure 3-7]. For this experiment the 100 bp ladder is suspended in 1st strand DNA synthesis buffer to test removal of actinomycin D.  Focusing on DNA sizes 100 – 400 bp, for 1.25 M NaCl there is not much qualitative difference in the cutoff threshold across % PEG concentration. There is near complete recovery of 300 bp and >50% loss of 200 bp DNA strand. In the 0.9 M NaCl, 9.5% PEG 8000 solution there is much greater loss of DNA between 300 bp – 700 bp as compared with other solutions. This gel is only qualitatively assessed as the high background levels result in greater than 25% uncertainty when quantifying the gel. Thus a combination of exonuclease I digestion and AMPure beads purification has the potential to remove excess long primers.  
3.3.4 Optimize reverse transcription conditions  
Sequence-specific primers are useful for targeted capture of transcripts from a population. The temperature at which the primers bind to their specific RNA is dependent on the length of the hybridization sequence and the monovalent and divalent salt concentration. It is important to have the optimal temperature of binding and reverse transcription, as too low a temperature will result in non-specific capture of transcripts (background priming) and at too high a temperature very few RNA molecules will be reverse transcribed. Also, there is a variation of 5 - 6 orders of magnitude in concentration of transcripts in yeast biological samples [242]. For unbiased results, it is desired that the sequence-specific primer be in excess of its corresponding target (RNA). We investigated the optimal hybridization 
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temperature for 30 bp binding sequence and the ratio of long primer to RNA for accurate detection of a specific RNA species.  
Effect of temperature on reverse transcription 
Constant molar concentration of GAL 7 mRNA is reverse transcribed using 100x excess long primers at 4 different temperatures (37°C, 45°C, 50°C and 55°C).  The resultant cDNA is amplified by real-time PCR, followed by melt curve analysis [Figure 3-8]. The sharp band in melt curve (79°C) conveys that there are no non-specific products and the signal observed in amplification plot corresponds to desired product. From, Figure 3-8 assuming average 90% PCR efficiency, from Cq value the amount of RNA detected at 37°C and 45°C is approximately 10 times more than at 50°C and 55°C.  
 
Figure 3-8 Effect of temperature on reverse transcription 
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Effect of primer concentration on reverse transcription 
Keeping constant the yeast Gal7 RNA (0.26 fmol) concentration, the concentration of long primer concentration is varied from 500x – 0.5x excess. Both transcript capture and reverse transcription are performed at 45°C for 60 min. The amount of cDNA synthesized at a given primer concentration is determined by real-time PCR. From, Figure 3-9 assuming 85% PCR efficiency (Cq value) there is approximately a 10- fold reduction in amount of RNA detected between 0.5x and 50x excess primer concentration. Three times less RNA is detected between 50x than 500x excess primer indicating a possible saturation has been reached. Thus, for a 30 bp gene-specific primer, the hybridization temperature should be 45°C and with 50 x excess primer.              Figure 3-9 Effect of primer concentration on revere transcription 
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3.3.5 Detect differential expression of transcripts with sequence-specific primers 
 Sequence-specific primers are used to determine gene expression differences in two different biological samples by targeting a small subset of the transcriptome population (approximately 100 genes). In both samples, amino-allyl dUTP is incorporated into the cDNA strand for subsequent fluorescent dye labeling and detection on microarray.  
Expression of Mouse testicle and brain genes  
Genes expressed in mouse tissue samples is obtained from the SymAtlas database maintained by the Novartis Institute for Functional Genomics, Inc (http://symatlas.gnf.org/SymAtlas/). Genes with high ‘fold over median’ values in either brain or testis tissues only or in both and with low ‘fold over median’ values in both tissues are extracted from the database. This list is cross referenced with the MGI – Mouse Genome Informatics [243] and Ensembl [244] databases to extract their coding sequence. Of these, the differential expression of 108 genes is studied with oligonucleotide microarrays. They are distributed of 108 genes is as follows; i) 11 gene over-expressed in testicle tissue, ii) 11 genes over-expressed in brain tissue, iii) 10 genes with high expression in both samples and iv) 76 with low or no expression in both samples. 
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Figure 3-10 Density Plot – cDNA synthesis with mouse sequence-specific primer 
Figure 3-11 Differential gene expression – mouse sequence-specific primers 
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Long (mouse sequence-specific) primers are designed for each of the 108 genes where each primer has the following subunits, 5’-T7 promoter-DNA tag (barcode)-sequence specific sequence-3’. The sequence specific sequences (19 – 21 nt) are designed to target the selected genes (50mM NaCl, Tm range: 60 – 65 degree celsius, 1uM concentration) using OligoArray 2.1 software [245].  DNA tag library (20 nt) with at least 11 mismatches between probes and with constraints on sequence composition (<3 stretches of mono-,di- and tri-nucleotide repeats) and secondary structure, melting temperature (60°C - 65°C) and GC content (40 % – 60%), are designed using in-house developed software. The dye labeled cDNA is hybridized to complementary probes randomly synthesize in a 4-5k format (that is, 4 arrays per slide with 5000 probes each) on oligonucleotide microarrays.  There are 108 probe sets that target cDNA and 73 probes sets (to detect percent false positives) that target mouse gene and tag sequences not included in the long primer library. Three samples are reverse transcribed with mouse sequence-specific long primers, a) mouse testis total RNA, b) yeast galactose induced total RNA and c) No-RNA negative control. Once the total intensity is normalized across the conditions, the probes intensities are log base2 transformed and displayed as density plot [Figure 3-10]. From the density plot, for each sample there are two distinct distributions, where the higher value distribution is the same across the three samples and represent the mouse probes. All the probes used to detect false-positives make up the lower value distribution which serves as the background cutoff threshold. The high background (approx. 4000 A.U.) in yeast total RNA sample is due to non-specific binding of non-DNA bound fluorescent dye. Across all three samples, we are able to detect all 108 genes. The individual genes have the same signal intensity across three samples [Figure 3-11]. This is a 
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red flag as; a) transcripts expressed in the brain should not be detected in mouse testicle sample, b) the long primers are designed to target mouse and not yeast mRNA, and c) there is detection of cDNA in ‘no RNA’ control. Especially, in the ‘no RNA’ reaction, there should be no reverse transcription, but the incorporation of fluorescent dye and detection on microarray suggest the opposite.  
Reverse transcription of ssDNA and Exonuclease I digestion of ssDNA library 
In the above experiments, a three step temperature is used for cDNA synthesis starting at 37°C for 30 min followed by 45°C and 50°C incubation for 30 min each. Under the initial low temperature there may be significant mispriming events leading to false positive signals on microarray. We investigated the effect of RT temperature (45°C, 50°C) on double-strand formation of excess long primers as well as exonuclease I digestion at higher temperature [Figure 3-12]. These experiments are showed together as the substrate in lane 2 is used synthesize the products in lane 6 and 7. 25 bp DNA ladder is run as size marker (lane 1, 4).            
Figure 3-12 Exonuclease I digestion and reverse transcription of ssDNA 
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First, exonuclease I digests ssDNA (lane 2) at 37°C (lane 3) and 50°C (lane 4). The faint band (lane 2, lane 3, near 125bp) indicates that the exonuclease I is unable to completely digest the 10 pmol of ssDNA at either of the temperatures in this reaction. Also, the short oligonucleotides in the long primer sample (lane 2, below 25 bp band) if not removed will prime downstream DNA synthesis.    
Figure 3-13 ‘no RNA’ reverse transcription with sequence-specific primers 
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Second, the 45°C and 50°C ‘no RNA’ RT reaction products are purified on spin column prior to analysis on gel (45°C) or DNA microarray (50°C).  Although not evident from the gel image, there is fluorescent DNA smear in elute (lane 6) and flow-through (lane 7) fraction of ‘no RNA’ RT reaction. Here, silica-based spin-columns only remove 40 - 50 % double-stranded long primers. When the 50°C ‘no RNA’ elute and flow-through fractions are hybridized on DNA microarray they light up all the probes with the same signal pattern as 37°C ‘no RNA’ cDNA synthesis control [Figure 3-13]. The figure also shows the presence of two contributing factors to false positive signal, single-stranded and double-stranded excess primers. These experiments show that; i) reverse transcriptase is able to use DNA as a template for cDNA synthesis, i.e. they have RNA and DNA dependent DNA polymerase (RdDp and DdDp),  ii) The duplexation of the long primers leads to confounding of data, iii) Exonuclease I alone and combination of exonucleaseI-spin column purification do not sufficiently remove labeled ds-primers and iv) increasing reverse transcription reaction does reduce signal intensity, though all 108 genes are detected (data not shown). 
3.3.6 Activity of reverse transcriptase in Actinomycin D 
Actinomycin D is an antibiotic that binds to DNA and inhibits RNA synthesis [246]. It has been reported that actinomycin D (ActD) at concentrations of 100 – 200 
ng/μl inhibits spurious synthesis of second strand cDNA catalyzed by reverse transcriptases [247] and has been used to reduce detection of false-positives on microarrays [248]. In the next set of experiments, we investigate whether actinomycin D reduces double-stranded primer formation, such that they remain single-stranded and can be hydrolyzed by exonuclease I. An initial experiment is done to determine 
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the effect of actinomycin D on RNA-dependent DNA polymerase activity of reverse transcriptase. Reverse transcription of yeast GAL7 mRNA primed with long primer that has 30 bp (underlined) sequence specific sequence (48 bp, 5’-CTGCTGAACTTCAGATCGAGTCGCATTCAAAGGAGCCTGATGGATACC-3’) is done with increasing concentration of actinomycin D (0 – 0.32 μg/μl). The resultant cDNA is amplified by real-time PCR and the products are analyzed on agarose gel [Figure 3-14]. There are PCR amplicons (150 bp) across all concentrations of actinomycin D. Analysis of Cq values does not show significant inhibition of RdDp activity of reverse transcriptase for actinomycin D concentration <1.6 μg/ul.          Figure 3-14 Activity of reverse transcriptase in presence of Actinomycin D 
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3.3.7 Differential expression of yeast genes induced in glucose and galactose media 
Yeast messenger RNA sequences are extracted from the Saccharomyces Genome database [249].  Long primers are designed to target specific genes where each primer has the following subunits, 5’-T7 promoter-DNA tag (barcode)-sequence specific sequence-3’. The sequence specific sequences (29-31 nt) are designed to target the selected genes (50mM NaCl, Tm range: 60 – 65 degree celsius, 1uM concentration) using OligoArray 2.1 software [245].  DNA tag library (20 nt) with at least 11 mismatches between tags are designed using in-house developed software. Both the sequence-specific and tag region are detected by real-time PCR and microarray. Of 5885 yeast protein encoding genes, 4800 pass the constraints set on sequence composition, secondary structure, and melting temperature. The primer library is synthesized on oligonucleotide microarrays and after series of molecular biology steps is obtained in single-stranded form, ready to primer reverse transcription reaction. The reverse transcription reaction is carried out in two steps a) hybridization of long primers to their transcripts, and b) first strand cDNA synthesis. To increase sensitivity, the primers are hybridized to their targets for extended period of time (2 – 12 h) followed by addition of the reverse transcription buffer-enzyme mix to initiate DNA strand synthesis. We investigated the removal of excess un-hybridized long primers either before or after cDNA synthesis. 
Microarray study: Actinomycin D effect on DNA dependent DNA polymerase activity of reverse transcriptase 
Yeast transcripts expressed in galactose media are primed with sequence specific primer library. The inhibition of DdDp activity of reverse transcriptase and removal of excess primers is studied by processing the first strand cDNA synthesis 
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reaction using four different methods. The dye labeled cDNA is detected on oligonucleotide microarrays.   
Figure 3-15 Melt curve of GAL1 gene - optimal sample processing method 
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Initially, in all four samples the sequence specific primers are annealed to their mRNA (GC) for 1 h at 50°C. Three of these are used for reverse transcription in the absence (RT; 1 sample) or presence of actinomycin D (RT|ActD; 2 samples). The excess primers in one of the RT|ActD samples are digested by exonucleolytic hydrolysis (ExoI|SSB). In the remaining fourth sample, the unhybridized long primers are digested from their 3’ end, followed by first strand cDNA synthesis in presence of actinomycin D. The four methods are abbreviated as i) (+)RT, ii) (+)RT|ActD, iii)  (+)RT|ActD (+)ExoI|SSB, and iv) (+)ExoI|SSB (+)RT|ActD. Each method is run in triplicate and the cDNA is labeled with fluorescent dye. 1/20th volume of cDNA is amplified by real-time PCR to detect highly expressed galactose induced GAL1 gene. The melting temperature (Tm) of Gal1 amplicon is 80.5°C and is detected in 3 of the 4 sample processing methods [Figure 3-15]. There is no GAL1 cDNA detected in any of the replicates where unhybridized primers are digested prior to first strand synthesis. Also, excess long primers are detected (amplicons with Tm = 77°C) in both samples not treated with exonuclease I, SSB protein enzyme cocktail.           Figure 3-16 Number of gene detected across sample processing methods 
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The rest of the cDNA is analyzed on DNA microarray. There is no signal detected in the three replicate arrays for sample where unhybridized long primers are removed prior to first strand synthesis (i.e. (+)ExoI|SSB (+)RT|ActD). The number of transcripts detected as present (cutoff threshold = 3x background intensity) on individual arrays across all three sample processing methods (that is, (+)GC (+)RT samples) is tabulated [Figure 3-16]. The amount of transcripts detected in RT reaction with actinomycin D is 2.8 times less than without actinomycin D. Also, 50% of the common genes (i.e. 70 out of 140) have 3 times less signal to minus actinomycin D control. This indicates that inclusion of ActD during RT reduces some of the false positive signal. In addition, the low percentage of transcripts detected (only <10% of the probes on the array) may be due to contributions from three factors, i) too high hybridization and first strand cDNA synthesis temperature (50°C), ii) very low primer to mRNA concentration (0.2x primer per RNA) and iii) false negatives (hybrid/ization failure). 
PCR study: Actinomycin D effect on DNA dependent DNA polymerase activity of reverse transcriptase 
For the experiments below and rest of the theses, we compare the expression of yeast genes in glucose and galactose media and determine presence of excess primer by gel analysis. GAL genes (i.e GAL1, GAL2, GAL3, GAL7, GAL10 and PGM2) are expressed at high levels in galactose only. We used genes equally expressed in both glucose and galactose as controls or house-keeping genes. The list of genes is summarized in Figure 3-17 [250, 251]. Not all genes are compared across all experiments (only GAL2 – over-expressed in galactose media and PGI – equal expression in both media is kept constant). 
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Figure 3-17 List of yeast genes expressed in galactose - glucose 
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The experiment details are presented in Figure 3-18.a. The steps are as follows; i) total RNA is hybridized with 0.3 x of long primers, ii) followed by RT in the presence of actinomycin D. iii) removal of actinomycin D by phenol chloroform extraction, iv) exonuclease I hydrolysis of excess primers and v) detection of PCR products (i.e. cDNA) on gel [Figure 3-18.b]. The PCR primers are designed to target unique primer binding sequence (PBS) at 5’ end of cDNA (grey arrow) and universal PBS at their 3’ end (blue arrow). The universal PBS will amplify any leftover primers. As expected from literature data, the GAL genes (GAL 1, Gal 2, Gal 3, Gal 7, Gal 10, PGM2) are highly expressed in galactose over glucose growth conditions with equal expression in the control genes (GAL11, UGP1, PG1 and ALD5). This shows that a library of long primers with 5’ dangling ends can be used to analyze gene expression. 
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Figure 3-18 Yeast gene expression – Effect of actinomycin D 
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Unfortunately, there are present DNA bands between 100 bp and 200 bp DNA size markers. These bands correspond to undigested long primers (sequence-specific primer library). The earlier experiment shows that with actinomycin D, there is a reduction in number of false positives, but this experiment implies that actinomycin D does not completely inhibit formation of dsDNA. This is because actinomycin D inhibits second-strand DNA synthesis by binding to 3’ of ssDNA, which prevents DNA-DNA hybridization required for strand extension. It does not inhibit DNA polymerase activity of reverse transcriptase enzyme [252]. As actinomycin D prevents DNA-DNA hybridization, we cannot add it to the preceding hybridization (target capture) step. The reduction in false positives is most likely seen due to inhibition of strand transfer [253]. 
3.3.8 Two step process to remove excess long primers 
As actinomycin D does not completely prevent formation of double-strand primers (i.e. false positives), we investigated the use of a two-step removal process. 
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Step 1 - To minimize sample processing steps, the efficiency of exonuclease I is studied in presence of actinomycin D. 82 bp ssDNA is hydrolyzed with exonuclease I enzyme cocktail in the presence or absence of actinomycin D (300 ng/µl).  The amount of undigested ssDNA is determined by real-time PCR. Using no digestion control as reference there is 3.2 times less digestion of single-stranded DNA when actinomycin D is added to the reaction [Figure 3-19]. 
Step 2 - From earlier results, we know that exonuclease I alone does not digest ssDNA below the detection level of real-time PCR.  Additional purification is required to remove the remaining long primers. The use AMPure beads after exonuclease I is studied to fractionate cDNA strands from un-hybridized primers. The size-fractionation of DNA is dependent on many factors; i) polyethylene glycol concentration, ii) salt concentration, iii) DNA concentration, iv) the incubation time, and v) the incubation temperature [240]. Three of the five parameters are kept constant (salt concentration, incubation time and temperature). 
Figure 3-19 Exonuclease I digestion in presence of actinomycin D 
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           Figure 3-20 AMPure bead - Effect of PEG8000 concentration 
Figure 3-21 AMPure bead - Effect of DNA concentration 
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PCR amplicons of three genes (GAL1, GAL2 and XDJ1; 450bp, 554 bp, 402 bp respectively) exhibiting 100 bp ds-primer are co-purified with carboxylate beads at 9% and 11% PEG 8000 concentrations at constant salt concentration (1.25 M NaCl) [Figure 3-21]. The experiments are run in triplicate. The 100 bp ladder (lane 1) and non-purified amplicons samples (lane 2) are run as size markers. At 9% PEG solution, although there is complete removal of 100 bp ds-primer (lane 6 – 8, supernatant), there is approximately 50% loss of 400 bp and 450 bp PCR amplicons (compare elute and supernatant). Using 11% PEG solution, there is separation of 100 bp ds-primer (lane 6 – 8) with loss of any PCR amplicons (lane 3 – 5). At very high input DNA concentrations there may not be enough beads (surface sites) for all DNA to bind, leading to some loss of cDNA strands. We investigated the effect of DNA concentration on purification efficiency of AMPure 
beads. Three concentrations of PCR amplicons (0.4 μg, 0.8 μg and 1.6 μg) are 
fractionated with 10 μl of AMPure beads [Figure 3-20]. At the concentrations tested there is complete separation of PCR amplicons (lane 2) from 100 bp ds-primer (lane 3). When compared with un-purified PCR amplicons sample (lane 1), there is no noticeable loss of cDNA PCR amplicons (lane 3). Thus, AMPure beads suspended in 11% PEG8000, 1.25 M NaCl buffer solution offer a solution to remove excess primers. 
3.3.9 Reverse transcription with sequence-specific long primer library 
The above process is implemented to study gene expression versus glucose and galactose growth conditions. The experiment details are presented in Figure 3-22.a. The steps are as follows; i) total RNA is hybridized with 10 x of long primers, ii) followed by RT in the presence of actinomycin D. iii) exonuclease I hydrolysis of excess primers, iv) size fractionation and v) detection of PCR products (i.e. cDNA) on 
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gel [Figure 3-22.b]. The cDNA product is detected by real-time PCR with forward primers specific to the gene and universal reverse primer. As the universal reverse primer has sequence common to all long primers, it will amplify any leftover excess primers.   
Figure 3-22 Gene expression – exonuclease I and 11 % PEG 8000  
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A total of six transcripts are analyzed across duplicate RT reactions for each condition. GAL2 and PGM2 (biologically relevant) are expressed at much higher levels in galactose than glucose media. Even, after size fractionation, ds-primer is present in 6 of the 24 samples (near 100 bp band). This is a vast improvement over use of exonuclease I alone or exonuclease with spin column purification to remove excess long primers.  
 Figure 3-23 Gene expression – exonuclease I and 10 % PEG 8000 
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The above experiment is repeated with two modifications, i) target capture is done at 45°C for 6 h (instead of 12 h), and ii) fractionated cDNA and long primers 
with carboxylate beads suspended in 10% PEG 8000, 1.25 M NaCl solution. 1 μl of RT reaction is used for real-time PCR detection of 4 genes that are detected in previous experiment (GAL2, NTA1, PGI1 and XDJ1) [Figure 3-23]. Like above gel image GAL2 gene is detected in galactose media only (lane 3, 4) and controls genes XDJ1 (lane 9, 10) and PGI1 (lane 7, 8) have similar band intensity in galactose than glucose growth conditions. There is no ds-primer band (near 100 bp), although there is a smear band of PCR primer-dimer (not to be confused with ds-primer) below 100 bp DNA size marker. Primer-dimers are PCR artifacts are their formation is confirmed by amplification of ‘no-template’ control (lane 2). We also did similar experiments, where exonuclease I digestion step is omitted from the reaction scheme. For all these experiments, we are able to detect gene expression difference between the two samples, but there are double-stranded primers. Two other methods to potentially remove double-stranded primers are, i) use of  dsDNA specific exonuclease with 3’-5’ or 5’-3’ action in the exonuclease I mix, and / or ii) incorporating a restriction enzyme sequence immediately downstream of the universal primer sequence.  For reference the construction of long primer is (5’-universal primer sequence-barcode-gene specific sequence-3’). Finally, the conditions and steps for first strand cDNA synthesis incorporating long primer library and reducing the factors that contribute to false positive signal are i) 100x long primer per mRNA species, ii) 1 µg of total RNA (30 pmol of primer), iii) 2 step hybridization temperature from high (50°C) to low (45°C) over 6 h, iv) 2 step first strand cDNA synthesis temperature (45°C, 50°C) over 2 h, v) addition of 300 ng/µl actinomycin D during reverse transcription, vi) high temperature (45°C) exonucleolytic hydrolysis of excess long primers (40 U 
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exonuclease I, 10 µg SSB protein, 2U antarctic phosphatase) for 30 min and vii) fractionation of RNA:DNA hybrids and excess primers with carboxylate beads in 10.0% PEG8000, 1.25 M NaCl. 
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3.4 Conclusion 
In this chapter, we demonstrate the use of sequence-specific primer library to prime first strand cDNA synthesis of multiple transcripts. Two major challenges of using primer library are; i) the high concentrations of primers required to increase the detection sensitivity and accuracy, and ii) the removal of excess primer after the RT step. The detection accuracy depends on the cDNA synthesis temperature of gene-specific sequence and concentration of primer to RNA molecule. The optimal hybridization and reverse temperature is 45°C for 30 nucleotide length sequence-specific primers. The concentration of primers must be at least 100 x excess to accurately quantify RNA levels. The leftover excess primers show up as false positives that skew data analysis. Multiple methods are investigated to minimize false positives. The first method tested involved hydrolysis of single-stranded primers from 3’ end by single-strand specific exonuclease (exonuclease I). Here, it is found that the amount of ssDNA digested by exonuclease I depends on the initial concentration of DNA, length and structure of DNA and the concentration of accessory SSB protein. Also, exonuclease I alone is only able to achieve 100- fold reduction in amount of ssDNA. Although this can increased to million fold by addition of SSB protein, it is not enough to digest the high concentration of primers below detection levels. In addition the amount of ssDNA digested by exonuclease I depends on other parameters such as primer length, secondary structure and reaction conditions.  The high concentration of excess primers increases the probability of them being cross-hybridized. Any primers hybridized by their 3’ end to other primers can be extended by reverse transcriptase to become double-stranded. The double-
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stranded primers contribute to false-positive detection by both PCR and microarray technologies. These double-stranded primers are finally removed by size-fractionation of RT products on magnetic beads. The complete removal of ds-primer is dependent on the size-cutoff threshold which can be controlled by varying either one or both polyethylene glycol and sodium chloride concentration.  Finally, actinomycin D does not inhibit DNA-dependent DNA polymerase activity of reverse transcriptase. It possibly prevents hybridization of two DNA strands by binding at their 3’ end and also prevents jumping of nascent DNA molecules to prime other RNA, thereby reducing false positives.  In conclusion, in experiment that use of sequence-specific primer libraries with upstream barcodes and universal primers necessitates additional steps to minimize factors that contribute to false positive signal for meaningful data interpretation and analysis.  
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CHAPTER 4 
 
 
 
CONCLUSION AND RECOMMENDATIONS 
4.1 Conclusion 
In this dissertation, a robust method is presented to generate large quantities of single-stranded nucleic acids from DNA microarrays, and the application of these libraries to prime reverse transcription. 
In chapter 2, we develop the process to improve low yields DNA libraries released from the microarray by processing them through a series of molecular biology steps. First, we observed that conventional PCR to amplify complex DNA library leads to formation of non-specific products. To solve that effect, DNA libraries are reproducibly amplified by separating them into micron sized water-in-oil (w/o) emulsion droplets. This helps to preserve the library complexity and sequence integrity. The power of emulsion PCR is realized by having 1 or less template per droplet. Towards this goal, the droplet size and stability after PCR cycling is assessed by confocal imaging and is found to be stable up to 35 cycles. The number of droplets is determined from droplet diameter and volume of aqueous phase and the amount of PCR amplified sequences is estimated by real-time PCR standard curve. Here, we demonstrated that the presence of multiple templates in emulsion droplets produces recombinant PCR products. 
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Second, we tackled the issue of removing the primer binding sequences (PBS) and formation of single-stranded DNA (ssDNA). For this, we tested many enzymatic methods to get highly-quality single-strand DNA. Only, in vitro transcription – reverse transcription method is conveniently able to produce large quantities of ssDNA to increase the sensitivity, reproducibility and perform significant number of downstream reactions. We demonstrated the use of two types of endonucleases that cut outside their recognition sequence to efficiently remove priming binding sequences. Restriction endonucleases cut dsDNA, whereas nicking endonucleases cuts ssDNA. These methods give a significant amount of flexibility to prepare functionally diverse ssDNA templates for many applications. 
Chapter 3 describes an integrated method to use sequence-specific primers for cDNA library construction. The sequence-specific portion of the primer libraries are designed by OligoArray2.0 software [254], followed by a 5’ upstream identification tag and universal primer binding sequence. The use of primer libraries leads to formation of RT artifacts that mask cDNA levels. There are 3 types of non-specific products after RT reaction, i) chimeric cDNA molecules, ii) double-stranded primers, and iii) excess single-stranded primers. The first two are formed due to catalytic activity of reverse transcriptase and the latter is to increase the sensitivity. Many enzymatic and purification methods and their combinations are tested to remove these non-specific processes. Of these, the most efficient and reliable method is the use of actinomycin D during reverse transcription followed by exonucleolytic hydrolysis of ssDNA and size-fractionation to remove double-stranded primers. To summarize, the observations and results detailed in the dissertation provide a toolbox of methods to prepare large quantities of diverse single-stranded nucleic acid that, improve the sensitivity and reproducibility of assays and can be 
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utilized for a variety of applications such as synthetic biology, targeted sequencing, protein engineering, biosensors and understanding basic biology. 
4.2 Recommendations for future work 
4.2.1 Under generation of single-strand nucleic acid libraries 
Library diversity 
The process of making large amounts of single-stranded DNA libraries from microarrays consists of 4 steps, i) microarray synthesis, ii) emulsion PCR, iii) in vitro transcription and iv) reverse transcription. The latter 3 steps use polymerase enzymes with multiple purification steps. There is possibility that some percentage of the oligonucleotides maybe lost during each of these steps. The presence or absence of an individual oligonucleotide strand can be determined at each stage of the process on microarray. Further the products after each of the steps can be sequenced by ‘next-generation’ sequencing to determine preferential hybridization of signal over others. 
Alternative amplification methods 
One promising technique to make large quantities of single-stranded DNA is rolling circling amplification [255]. Here, the DNA molecules are circularized by ligase enzyme. They are amplified using a common primer to produce a long single-strand polymer chain. The primer sequences can be removed binding complementary primer sequence and nicking endonuclease. Any product biases in the above reactions (RNA amplification, reverse transcription, rolling circling amplification) can be minimized by performing them in an emulsion reaction.  
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Another method is to perform on-chip amplification. This would entail reducing the steric hindrance from the array surface and neighboring oligonucleotides for polymerase accessibility and primer extension. Also, the PCR reaction has to be enclosed to avoid evaporation of small volume during thermocycling. After 1-2 rounds of solid-phase PCR, the product could be collected for emulsion PCR (tube or chip). Also, chip based emulsion PCR has been developed by RainDance Technologies [256].  
Process automation 
Another option is to automate the entire process from emulsion PCR to single-strand generation. For now, the use flammable solvents (diethyl ether and ethyl acetate) to break the emulsions make the process unsafe for bench-top automation. Methods can be explored to change the oil-surfactant formulation to use solutions compatible with purification kits (isobutanol, isopropanol) or one can use magnetic beads in the emulsion reaction [257]. There are many robotic systems compatible with 96 well plates to do nucleic acid purification and magnetic bead selection. One such method is outlined here. Once the oil-surfactant and aqueous phase are pooled into the well, the emulsion can be formed by sonication. This followed thermal cycling and breaking of emulsion with isopropanol washes compatible with most 96 well purification systems yields dsDNA in the wells. To this is added the in vitro transcription reaction components, followed by purification on plates. The reverse transcription is done with biotinylated primer which is then captured on beads, followed by sequential on-bead digestions to first cut and remove the 3’ end primer binding sequence (PBS) and then the desired ssDNA molecule.   
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Other Application of diverse oligonucleotide libraries 
DNA nanotechnology – Here nucleic acids are used as structural materials as opposed to carriers of genetic information. The field of DNA nanotechnology first conceptualized by Seeman N in 1982 [258] has fostered many subareas such as DNA origami, DNA computing and DNA robotics. The areas are based on Watson-Crick base-pairing rules.  In DNA origami, the single-stranded genomic DNA is used as a scaffold to create and build wide variety of nanostructures. Multiple short DNA fragments are bound along the length of the scaffold to create bends and curves to build 2D and 3D shapes such as tiles, basic geometric shapes, octahedron, hollow nanodevices, balls, boxes and polyhedral structures as reviewed by Li et al [259]. Similar to DNA, RNA strands can be used as building materials, although the latter employs tertiary interactions between structural motifs rather than annealing of DNA strands. Also complex and hybrid structures with multiple properties can be made by combining multiple materials (DNA, RNA, proteins, molecules) [259]. The use of RNA scaffolds have been described to control spatial organization of enzymes, protein, molecules within the cell [260]. ssDNA scaffolds have been used for ordered distribution of proteins, biomolecules to increase biological and chemical reactions.  In 2000, DNA strands were used to make molecular tweezers based on the principle of sequence complementarity. This mechanism along with DNA nanocages can be used to target-specific delivery of drugs [261]. Since then other environmental stimuli such as pH change, ionic strength, electric fields, light, nucleic acid hydrolysis and polymerization can be used to control DNA nanomachines [259]. 
DNA sensors – Here, DNA and RNA oligonucleotides can be bound to biological (nucleic acids, peptides, antibodies) and non-biological (biotin, gold, 
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silver, other metals and fluorescent dyes) to realize electrochemical [262], optical [263]and fluorescent sensors [264]. These sensors can be used for numerous applications ranging from detection of infectious pathogens , harmful metal ions [265] to screening of genetic disorders and cancer. Combined with microfluidic technology, they can be used to make handheld field testing devices [266, 267].   
DNA and Computers – Currently computer chips are made using a ‘top down’ approach that involves etching of electronic components from large structures. Researches at IBM describe the use of lithography and etching techniques to control the formation of DNA origami structures. Here, DNA strands are used to guide integration of silicon nanowires and carbon nanotubes with conventional microcircuit fabrication [268]. This ‘bottom up’ approach will enable 6 nm distance between components (current 45 nm) making devices smaller, faster and power efficient.  
DNA vaccines – Here, DNA oligonucleotide libraries can be used to engineer plasmid constructs to encode pathogen (viral, bacterial or parasitic) antigens. The libraries provide flexibility to enhance immunogenicity from codon optimization.  The plasmid constructs (DNA vaccines), when administered produce non-functional pathogen proteins within host cells leading to a range of immunological responses [269, 270].  
4.2.2 Under sequence-specific primer libraries 
The next step is to verify and validate the protocol to detect greater number of cDNA per reaction. Here, the sequence-specific libraries will be used to prime a small population (~100) of high and low abundance RNA and analyze them on ‘next-generation’ RNA sequencing platform [271-273]. The efficiency of the protocol will be determined on the basis of coverage of 3’ and 5’ end and transcript 
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abundance. The scale of these reactions will be increased progressively to reproducibly identify and detect multiple splicing variants and mRNA fusions. [274, 275].  Abnormal splicing variations and their functional consequences in cancer cells is an active area of research [276]. Here, sequence-specific primers to selectively capture transcripts of interest will increase the fold coverage to call genotypes with high confidence [277].      
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APPENDIX 
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EXPERIMENTAL PROTOCOLS 
 
 
1.1        From oligonucleotide microarray to single-stranded DNA library 
1.1.1    Quantification  The oligonucleotide library released from the microarray surface has truncated DNA fragments and makes the concentration amplifiable material measured by UV spectrophotometry (absorbance 260 nm) is inaccurate.  To quantify the amount of PCR amplifiable template, duplicate real-time PCR reactions are run on 10x template dilution series and compared against real-time PCR standard curve. 1. Prepare following real-time PCR master solution (minus template). Scale the solution for duplicate runs of 3 template dilutions i.e. 6 runs + 1 run (compensate for pipetting errors).   
 x µl 0.3 µM forward universal primer 1  x µl 0.3 µM reverse universal primer 2  10 µl 5x PCR buffer (1x)  5 µl 25 mM MgCl2 (2.5 mM)  1 μl 10 mM dNTP (0.2 mM)  1 μl 0.1 mM SYTO13 dye (0.2 μM)  x µl nuclease-free water  0.5 µl 5 U/μl GoTaq Flexi-polymerase    49 µl Total 
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2. In separate 0.2 ml real-time PCR tubes add 1 µl of template i.e. 100 pg to 1 pg. Leave tubes on ice. 3. Add 49 µl of master solution to each tube and close lid of tube. 4. Start the program with desired cycling conditions on real-time PCR thermocycler. Pause the thermocycler when the lid and block reach denaturation temperature.  5. Transfer the tubes to the thermocycler and resume the program.  This simulates Hot-Start conditions and minimizes non-specific or primer-dimer products formed during initial slow start-up (~3 min 30 s for MJ research DNA engine fitted with Chromo4 real-time detector) 6. Cycling conditions: a. Initial denaturation time (Td) = 94°C for 2 min b. 30 cycles at Td = 94°C for 10 s, Ta = Tm - 2°C for 20 s, Te = 72°C for 20 s, plate read c. Final extension time (Te) = 72°C for 5 min d. Note: Ta = annealing temperature, Tm = melting temperature of primers, amplicon size = 100 to 150 bp (adjust annealing and extension time for >150 bp) 7. Calculate C(t) value for each template concentration of x-y plot of no. of cycles versus log10(dye intensity) and average across duplicates. 8. Calculate the actual concentration (moles) of amplifiable template using equation below from standard curve (valid for amplicons of size 80 – 150 bp) for concentration between 10 femtomoles (10-15; c(t) = 5.9) to 100 zeptomoles  (10-21; c(t) = 26.75) i.e. 6 orders of magnitude.    
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9. Run melt curve on thermocycler to check for non-specific product.  
1.2.1     Emulsion PCR (adapted from Williams et al. Nature Methods.  
  The oligonucleotide pool library is amplified in water-in-oil (w/o) emulsion based PCR reaction, whereby each template is isolated in a single PCR droplet reactor. This prevents formation of chimeric non-specific products i.e. no PCR biases. 1. Prepare oil surfactant mix at RT. Vortex for 1 min and put on ice for 15 - 30 min.  80 µl 100% ABIL EM90 surfactant (4 % v/v)  1 µl 100% Triton X100 (0.05 % v/v)   1919 µl mineral oil (96 % v/v)    2 ml Total 2. Prepare aqueous phase (PCR mix) of the emulsion. Pipette reagents in order.  x µl nuclease-free water  20 µl 5x GC rich buffer (1x buffer, 1.5 mM MgCl2)  2 µl 50 mM MgCl2 (1 mM)  x µl 0.5 µM forward universal primer 1  x µl 0.5 µM reverse universal primer 2  2 μl 10 mM dNTP (0.2 mM) 
x μl template concentration (1 template / droplet; See note below    OR 10 ng)  5 µl 20 µg/µl BSA (1 µg/µl)  2 µl 2 U/μl Phusion Hot-Start DNA polymerase    100 µl Total Note: Determine the number of template molecules / droplet       
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   Where, NA = Avogadro’s Number (6.022 * 1023)  3. For 10 µl aqueous phase, transfer 400 µl of oil surfactant mixture to 2 ml glass vial and add a 3x8mm pivot stir bar. Begin stirring at 1000 rpm on the magnetic stirrer.   4. Notes:  
• Use minimum 100 µl PCR mix to get enough products for downstream IVT reaction. 
• Maintain the ratio of aqueous: oil phase as 1:4 (v/v). Keep the volume of emulsion between 200 – 600 µl to ensure good mixing and average droplet size of 8 µm. 
• Place the tube at the center of the magnetic plate in a container (we use a lid from a box of pipette tips filled with ice) to make sure the stir bar rotates freely.  
• Add aqueous phase to oil surfactant mixture in a drop-wise manner (10 µl) over a period of 30 s. Continue stirring for 15 min to create w/o emulsion. 
• Distribute 50 µl aliquots of emulsion into separate PCR tubes or wells of a PCR plate.  5. Thermocycling conditions a. Initial denaturation time (Td) = 98°C for 1 min b. 30 cycles at Td = 98°C for 10 sec, Ta = Tm for 20 sec, Te = 72°C for 20 sec c. Final extension time (Te) = 72°C for 5 min 
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6. Pool the emulsified PCR reactions in a 1.6 ml micro-centrifuge tube. Add 2 µl of loading buffer (indicator – orange G/xylene cyanol, to identify water droplet in organic solvents).  7. Add mineral oil to a final volume of 800 μl, vortex 30 sec and centrifuge at 13,000 g for 10 min at RT. Dispose of the upper (oil) phase. 8. Several extractions with an organic solvent will remove the remaining oil and surfactant from the emulsion and cause it to break. Perform the following extraction: add 1 ml of water-saturated diethyl ether, vortex the tube to break emulsion (1 min), spin (30 sec), and dispose of the upper (solvent) phase. Add 1 ml of water-saturated ethyl acetate, and then one more extraction with diethyl ether. The extraction with ethyl acetate is necessary to remove the ‘gel-like’ phase, which is formed when diethyl ether is mixed with ABIL EM 90. The ‘gel-like’ phase may contain amplicons, do not discard. 9. Remove the residual solvent by making a hole at the top of tube and spin evaporate the solvent in 45°C incubator or leave tubes open on a 37°C heat block for 10 min.  10. Purify 100 μl of PCR volume with commercial purification kits (Qiagen MinElute PCR Kit).  11. Notes:  
• If precipitation is required, add up to 10 µg of linear acrylamide, 0.1 vol 5 M NaCl and 2.5 vol 100 % ethanol. Store at -20°C for atleast 30 min and precipitate DNA. Do not precipitate with sodium acetate.   
• To avoid precipitation, perform second wash on Qiagen column with 80% ethanol solution instead of buffer PE wash.  
1.3.1    T7 in vitro transcription 
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The amount of double-stranded product (100 bp) from 100 μl is roughly 1-2 
μg or 15 – 30 pmol. Use 2 pm template per 20 μl T7 IVT reaction. This yields approx. 1700 pm of single-strand RNA. 1. Use either AmpliScribe™ T7-Flash™ Transcription Kit (Epicentre Biotechnologies) or MEGAshortscript™ T7 Kit (Invitrogen). 2. Incubate the reaction at 37°C for 4 h. 3. Add 1 μl of TURBO DNase, and mix well. Incubate at 37°C for 15 min.  4. Inactivate TURBO DNase with inactivation reagent provided.  5. Purify RNA on 2 separate RNeasy columns.  6. Quantify RNA and analyze on bioanalyzer (if possible) or on 1.0 % agarose gel.  
1.4.1    Reverse transcription The amount of complementary cDNA formed per 100 pmol RNA is 50 pmol. Of this only about 30 % (15 pmol) ssDNA is recovered after primer removal and gel purification. Affinity purification increases ssDNA recovery to 60 % (30 pmol). 1. Prepare the following mix to hybridize RNA library with RT primer  x µl in vitro transcribed RNA library (100 pm)  x µl RT (150 pm)  2 µl 10 mM dNTP (1 mM)   10 µl Total 2. Incubate the reaction at 65°C for 5 min. Quick chill on ice for 2 min. 3. Add 10 µl of the following RT mix  4 µl 5 X First-strand buffer (1 X)  2 µl 0.1 M DTT (10 mM)  x µl RNase-Free water  0.6 µl 10 µg/µl Actinomycin D (0.3 µg/µl)* 
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 1 µl 20 U/µl SUPERase-In (20 U)  1 µl 200 U/µl SuperScript II Reverse Transcriptase    10 µl Total *      The use of actinomycin D in the reaction is optional 4. Incubate the reaction at 37°C for 3 h.  5. Incubate at 95°C for 5 min. Quick chill on ice.  then add 0.43 V (12.9 μl) 1 M NaOH (0.3 M),  then mix and incubate at 65°C for 15 min,  then add equal volume of 1 M HCl (12.9 μl) to neutralize the solution, then add 44.2 μl of nuclease-free water to bring total reaction volume 100 μl,  then add 5 µl 3 M sodium acetate pH 5.0 (0.3 M), then add 2 μl 5 µg/µl linear acrylamide (10 μg), then add 2.5 x vol 100 % ethanol, and store at - 80°C for > 30 min. 
 
1.5.1    3’ end primer binding removal  Some reverse transcriptase enzymes add extra nucleotides at the end of 3’ end of cDNA strand. These few extra nucleotides have to be removed to free the 3’-hydroxyl end of the mRNA-specific sequence.  1. Precipitate single-strand DNA. Re-suspend pellet in 20 µl nuclease free water. Quantify amount of ssDNA. 2. Prepare 100 μl of the following primer hybridization mix.   x µl ssDNA library (500 pm RT product) x µl  *Nb.BtsI primer (1.5 x excess; 5’-GGGAGA(N)6GCAGTG-3’)##  10 µl 10x NEB buffer 4 (1x)  x µl nuclease free water   100 µl Total 
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* Replace enzyme with BspQI restriction sequence (5’-GGGAGA(N)6GCTCTTCNNNN-3’; enzyme is active at 50°C) ## If using affinity purification, use following primer sequence for hybridization (5’-(dA)30 GGGAGA(N)6GCAGTG-3’ or 5’-(dA)30GGGAGA(N)6GCTCTTCNNNN-3’) 3. Incubate the reaction at 65°C for 5 min. Quick bring temperature to 37°C for 2 min. 4. Add 100 μl of the following enzyme cocktail mix.   10 µl 10x NEB buffer 4 (1x)  2 µl 100 x NEB buffer buffer (2x)   x µl nuclease free water    20 µl 10 U/μl of Nb.BtsI (200 U)   100 µl Total 5. Incubate the reaction at 37°C for 2 h (* 50°C for 30 min)&& && If using affinity purification method, do not heat inactivate and proceed to affinity purification. 6. Inactivate enzyme at 80°C for 20 min. 7. If desired, add 0.1 vol 5 M NaCl and 2.5 vol 100 % ethanol. Store at -20°C for atleast 30 min and precipitate DNA. Re-suspend in 50μl 8. Add 50 μl 2x RNA loading dye (New England Biolabs). Heat denature at 95°C for 2 min. 9. Run on 6 - 8 % denaturing polyacrylamide gel for 3 – 4 h at 150 V. 10. Also load 2 μl of Quick-Load® Low Molecular Weight DNA Ladder (New England Biolabs) processed as in step 8 above. && Do not heat inactivate. Proceed directly proceed to affinity purification.  
1.6.1    Affinity purification 
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  Use 200 μl of Dynabeads® MyOne™ Streptavidin C1 (Invitrogen) for every 750 pmol of biotinylated primer. This protocol is only valid for removal of primer binding sequences bound to complementary biotinylated primer.  1. Prepare beads according to manufacturer’s protocol. Re-suspend streptavidin 
coated magnetic beads in 200 μl of 2x B&W buffer (2 M NaCl, 10 mM Tris-HCl, 1 mM EDTA) 2. Add 200 μl of restriction digestion product.  3. Incubate at RT for 15 min. Collect beads on magnetic stand. 4. Remove supernatant and save (200 μl) 5. Wash beads with 200 μl of nuclease free water. Add 200 μl of nuclease free water to beads and incubate at 70°C for 30 sec. Put on ice on 30 sec.  6. Add 200 μl of supernatant to beads. 7. Repeat steps 3 – 6, 3 more times i.e. 4 rounds of binding and removal of primers. 
Also save beads in 200 μl 2x B&W buffer for may be additional 1-2 rounds of binding (see step 10 below). 8. Add equal volume of nuclease free water to supernatant (step 4) after 4 rounds of binding and 2.5 vol 100 % ethanol. Store at -20°C for at least 30 min and precipitate DNA.  9. Re-suspend DNA pellet in 30 μl nuclease free water and clean up on centrispin 20 column. 10. Measure concentration on spectrophotometer and run same aliquot on gel to ensure clean ssDNA with no primer contamination. If primer contamination, repeat additional rounds of bead binding. 
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2.1        Construction of cDNA library with sequence-specific primer library  Gene-specific primers enable high specificity capture of known RNA sequences. For reproducible detection across multiple samples, it is important to have a high concentration of primers, generally, 2 - 10 pm / gene. This is not possible due to limited amount of primer obtained post PCR-IVT-RT reaction scheme and preferable use of same primer batch across replicate experiments and conditions compared for accurate differential gene-expression analysis.  
2.1.1    Target capture 1. Note:  a. Extract RNA samples using phenol: chloroform pH 4.7. Only collect 1/4th volume of upper phase.  b. Purify sample on appropriate RNA purification kit. c. Remove genomic DNA using TurboDNase free kit. Follow manufacture’s protocol except use 0.2 U DNase per 10 μg of RNA 2. Anneal the sequence-specific-tag primers to total RNA sample.   1 µl Total RNA sample (1 - 10 µg) 3. Add 4 µl of Gene-specific-tag primer Master Mix.  1 µl 100 mM Sodium phosphate buffer (20 mM; pH 8.0)  1 µl 1.5 M NaCl (0.3 M)  1 µl Gene-specific-tag primer library (10 – 100 pmol)  1 µl 20 U/ µl SUPERrase-In (20 U)    4 µl Total 4. Briefly vortex (1 s) and spin down sample. Transfer to thermocycler.  Incubate at 65°C for 5 min (lid at +5°C), then incubate at 50°C for 1 h (lid at +5°C), finally incubate at 45°C for 6 h (lid at +5°C).  
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5. Note: Ratio of Gene-specific-tag primer to mRNA a. 5 (1) μg yeast total RNA ~ 250 (50) ng mRNA (5% mRNA) b. Average size of yeast mRNA = 1.6 Kb and M.W. of ssRNA = (# nucleotides x 320.5) + 159.0 = 512959 c. moles of yeast mRNA (250 ng) = g/M.W. = 250-9 (g) /512959 (g/mole) = 0.49 pmol d. Primer concentration = 50 pmol e. Ratio of sequence-specific primer: mRNA ~ 100:1 (for accurate detection). Do not go below 50:1 primer: mRNA ratio, if accurate quantification is required. 
2.2.1    Reverse transcription Actinomycin D inhibits template switching activity of reverse transcriptase. T4 gene 32 increases the activity of reverse transcriptase and increases the yield of full length cDNA by opening RNA secondary structure.  6. Add 14 µl of the following 1st-Strand cDNA Synthesis Master Mix.    4 µl 5 X First-strand buffer (1 X)  2 µl 0.1 M DTT (10 mM)  1 µl 10 mM dNTP (0.5 mM)  x µl RNase-Free water  0.6 µl 10 µg/µl Actinomycin D (0.3 µg/µl)  0.4 µl 5 µg/µl T4 gene 32 protein (0.1 µg/ul)  1 µl 20 U/ µl SUPERase-In (20 U)   14 µl Total 7. Incubate at 45°C for 5 min (lid at +5°C),  8. Add 1 µl 200 U/µl SuperScript III Reverse Transcriptase   Incubate at 45°C for 30 min (lid at +5°C),  
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finally incubate at 50°C for 30 min (lid at +5°C). 
2.2.3    Removal of excess sequence-specific- tag primers 9. Bring block and lid temperature to 45°C. Immediately add 10 µl of the following Exonuclease I mix.  3 µl 10 X Exonuclease I buffer (1 X)  1 µl 20 U/ µl SUPERrase-In (20 U)  5 µl 2 µg/µl SSB protein (10 µg)  2 µl 20 U/µl Exonuclease I (40 U)  x µl RNase-Free water    10 µl Total 10. Incubate at 45°C for 30 min, then add 1.5 µl 0.5 M EDTA pH 8.0 (25 mM)** Inactivate enzymes at 80°C for 20 min. ** Step 10 and 11 below (tested protocol) may be replaced by step 12 and 13 11. Purify RNA: cDNA hybrid products with 1.8 x vol (55 µl) AMPure beads (follow manufacture’s protocol except use suspend replace original bead buffer with 1.25 M NaCl, 10 % PEG 8000 solution and incubate at RT for 10 min). Elute with 30 µl nuclease-free TE buffer. 12. Incubate at 95°C for 5 min. Quick chill on ice.  then add 0.43 V (12.9 μl) 1 M NaOH (0.3 M),  then incubate at 65°C for 15 min,  then add equal volume of 1 M HCl (12.9 μl) to neutralize the solution, then add 44.2 μl of nuclease-free water to bring total reaction volume 100 μl,  then add 5 µl 3 M sodium acetate pH 5.0 (0.3 M), then add 2 μl 5 µg/µl linear acrylamide (10 μg), then add 2.5 x vol 100 % ethanol, and store at - 20°C for > 30 min. 
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13. Inactivate enzymes at 95°C for 5 min. Quick chill on ice (1 min) then add 0.9 μl 10 M NaOH (0.3 M; Sigma-aldrich),  then incubate at 65°C for 15 min,  then add 0.75 μl 12 N HCl (0.3 M; Sigma-aldrich) to neutralize the solution, then add 3.35 μl 1 M Tris-HCl pH 7.5 – 8.0 to bring reaction volume 35 μl,  14. Purify cDNA with 1.8 x vol (63 µl) AMPure beads (follow manufacture’s protocol except use suspend replace original bead buffer with 1.25 M NaCl, 10 % PEG 8000 solution and incubate at RT for 10 min). Elute with 5 µl warm nuclease-free TE buffer.  
Methods and suggestion to process cDNA library for downstream applications 
1. Keep the size of cDNA library constructed at least 5 times greater i.e. >500 bases than the size of sequence-specific primer library (100 bases).  2. The most popular method is to add poly (dA) tail, followed by second strand synthesis, limited number of PCR cycles and agarose gel purification to recover >400 base-pairs amplicons [278-280].  3. Another method for second strand cDNA synthesis would be to using a sequencing primer tailed with a pre-designed library of random nonamers to target cDNA library of interest.  4. It is critical to keep reaction times constants across multiple experiments for comparison.         
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